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ABSTRACT 
The type I restriction and modification (R-M) enzymes were the first R-M 
systems characterised and provide a valuable system for studying protein-protein and 
protein-DNA interactions. These complex, multi-subunit enzymes are encoded for 
by three genes hsdR, M and S, although only one of these, hsdS, is responsible for 
determining the specific DNA target sequence that the enzyme recognises. 
Differences in the type I enzymes characterised have lead to their sub-division into 
separate families. 
The type I enzymes recognise a bi-partite DNA target, which has two, short, 
defined elements separated by a non-specific spacer. For example, the DNA target 
of EcoKJ is 5' AACNNNNNNGTGC 3'. A series of observations and experiments 
have lead to a limited understanding of how the HsdS subunit recognises its DNA 
target. Within each family of type I enzymes HsdS subunits share regions of very 
similar amino acid sequence, separating two larger regions of variable sequence. 
Each variable region forms a domain that specifies one half of the bi-partite DNA 
target, and has been termed a Target Recognition Domains (or TRD). No structural 
information is available for the TRDs although recent crystal structures of type II 
enzymes may give clues relevent to DNA interactions of type I enzymes. 
A deletion analysis of the hsdS gene of EcoKI was initiated to provide 
information on the roles of the conserved and variable regions. The aim was to 
correlate phenotype with an analysis of protein products, but attempts to overexpress 
the hsdS gene of EcoKI in a soluble form were unsuccessful, and the HsdS subunit 
could not be purified. 
Another approach to studying the interaction of TRDs with their DNA targets 
is to compare the amino acid sequences of those TRDs that specify the same DNA 
target. Areas of sequence which are similar within these TRDs may reflect a 
similarity of DNA recognition function. From amongst the limited number of TRDs 
available, there are several sequence alignments of TRDs which specify the same 
DNA target. 
A method based upon the Polymerase Chain Reaction (PCR) was developed 
to amplify new variable regions, which encode TRDs, from wild-type bacteria. In a 
DNA hybridisation screen of members of the ECOR collection of wild-type 
Escherichia coli, Barcus et al. (1995) found that almost half contained hsd genes. 
The conserved regions of the hsd genes were used to design primers that would 
amplify 5' variable regions of members of a given type I family. Nine IA family and 
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four TB family 5' variable regions were amplified and their DNA sequences 
determined. The information derived from these sequences illustrates both the 
evolutionary diversity of the hsdS genes, and the flexible nature of the TRDs as 
independent target recognising domains. The sequence of the N-terminal TRD from 
ECOR17 shares 28% identity with those of EcoKI and StySPI. 
A method dependent on the construction of hybrid hsdS genes, was devised 
to find the DNA targets of these new TRD sequences. Hybrid type I hsdS genes 
have been shown to be functional for members of the IA and IC families (Bullas et 
al., 1976; Fuller-Pace and Murray, 1986; Gann et al., 1987; Gubler et al., 1992). 
Deletion derivatives of the IA and lB family hsdS genes lacking the coding sequence 
for the amino-TRD were used to insert coding sequences for alternative TRDs. The 
four hybrid genes isolated all encoded functional HsdS polypeptides conferring 
novel specificities. The DNA targets of two hybrid systems were determined, 
including that from ECOR17. The sequence recognised was 5' ATR, and not that 
expected (5' AAC) from its similarity to EcoKI. 
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ABBREVIATIONS 
AMPS 	. ammonium persuiphate 
ATP...................... adenosine-5'-triphosphate 
bp 	......................... base pair(s) 
c............................ circa/approximately 
cm 	........................ centimetres 
DNA..................... Deoxyribonucleic acid 
DNAase................ deoxyribonuclease 
(d)dATP ............... 2' (3' -di-)-deoxyadenosine-5' -triphosphate 
(d)dNTP ............... 2' (3' -di-)-deoxynucleoside-5' -triphosphate 
DDT ..................... dithiothreitol. 
EDTA................... diaminoethanetetra-acetic acid 
eop ........................ efficiency of plating 
g........................... g force 
g 	........................... gramme(s) 
kb 	......................... Kilo base(s) 
kdal or kd ............. Kilo dalton(s) 
1 ............................litre(s) 
A. ........................... bacteriophage lambda 
MES ..................... 2-(N-Morpholino)ethane suiphonic acid 
millilitre(s) 
flltfl ....................... millimetre(s) 
MOl ...................... moiety of infection 
O.D........................ optical density 
PEG ....................... polyethylene glycol 
PVDF ................... polyvinylidine diflouride 
R-M ...................... restriction and modification 
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RNAase 	. ribonuclease 
SDS 	 . sodium dodecyl sulphate 
TBE...................... tris/borate EDTA 
TEMED ................ N-N-N' -N' -tetra-methyl- 1 ,2-diamino-ethane 
Tris ....................... 2-amino-2-(hydroxymethyl)- 1 ,3-propandiol 
Tm........................ melting temperature of DNA oligonucleotide 
ts........................... temperature sensitive 
v/v 	........................ volume by volume 
wt......................... wild-type 
w/v ....................... wieght by volume 
Xgal...................... 5-bromo-4-chloro-3-indolyl-B-D-galactoside 
CONVENTIONS FOR hsd 
GENOTYPES/PHENOTYPES 
The conventions used to describe both the hsd genotype and phenotype of a 
bacteria, bacteriophage or plasmid in this thesis are described below. 
The origin of the type I hsd genes is shown in sub-script, where appropriate; 
for example hsdRA+MS indicates a system which has a functional hsdR gene from 
the EcoAI system but no functional hsdM and hsdS genes. 
The hsd phenotypes are shown as small letters with the type I system in sub-
script; for example r -m+KB indicates a system that is restriction deficient, but 
modification proficient for both the EcoKI and EcoBI systems. 
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AMINO ACIDS 
Amino acids 	Three letter abbreviation 	One letter symbol 
Alanine............................................... Ala ............................................. A 
Arginine............................................. Mg ............................................R 
Asparagine......................................... Asn ............................................N 
Asparticacid ...................................... Asp ............................................D 
Cysteine............................................. Cys ............................................C 
Glutamine........................................... Gin ............................................. Q 
Giutamicacid .................................... Giu ............................................. E 
Glycine.............................................. Giy ............................................. G 
Histidine............................................His .............................................H 
Isoleucine........................................... ile 	..............................................I 
Leucine................ .............................. Leu ............................................L 
Lysine................................................ Lys .............................................K 
Methionine.........................................Met ............................................M 
Phenylalanine . ................................... Phe ............................................. F 
Proline............................................... Pro .............................................P 
Serine................................................. Ser .............................................S 
Threonine........................................... Thr .............................................T 
Tryptophan........................................ Trp .............................................W 
Tyrosine............................................. Tyr .............................................Y 
Valine................................................ Val ............................................. V 
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Restriction and Modification 
Host mediated restriction of phage 
The ability of some bacterial host strains to restrict the growth of 
bacteriophage (phage) was observed as early as the 1930's (Craigie & Hui Yen, 
1938), however, host-dependent restriction and modification was not clearly 
described until the early 1950's (see Luria, 1953). For bacteriophage (phage) T2 in 
Escherichia coli and phage P2 and ? in Shigella dysenteriae and Escherichia coli, 
the non-adsorption of phage was shown not to be the reason for this restriction of 
growth (Luria and Human, 1952; Bertani and Weigle, 1953). Phage assayed on a 
restricting host (E.coli K-12) showed a C.  104 fold reduction in titre, compared to a 
non-restricting host (E.coli C), but progeny phage that escaped restriction were 
modified and were protected, from further restriction, on subsequent infection of 
E.coli K-12. Furthermore if the E.coli K-12 modified phage were grown on a non-
restricting host, for a single cycle of growth, they lost their modification rendering 
them sensitive to restriction (Bertani and Weigle, 1953). Restriction is, in this case, 
a host specific barrier to phage propagation, and the modification of phage is a non-
heritable, host-determined characteristic, which renders modified phage, resistant to 
the host specific restriction. 
Genetic Background 
Isolation of mutants of E.coli K-12 and E.coli B, which were deficient in 
either restriction (r) or restriction and modification (rm), identified the genetic 
determinants of these systems (Wood, 1966). The genes, known as the hsd genes for 
host apecificity for DNA, map close to serB at 98.5 minutes on the E.coli 
chromosome (Boyer, 1964; Glover and Colson, 1969). Using F' plasmids carrying 
the E.coli K-12 and B mutant hsd genes to complement host mutations, one gene 
(hsdR) was essential for the restriction phenotype, whilst two genes (subsequently 
defined as hsdM and hsdS) were essential for both restriction and modification 
activities (Boyer and Roulland-Dussoix, 1969; Glover and Colson, 1969; Glover, 
1970). A single gene (hsdS) was identified which determined the specificity of both 
the restriction and modification phenotypes (Boyer and Roulland-Dussoix, 1969). 
E.coli B double mutants could complement wild type E.coli K-12 hosts to give the 
doubly restriction-proficient phenotype, r+, m+ KB (Boyer and Roulland- 
Dussoix, 1969; Hubacek and Glover, 1970). hsdR was not required for a m 
phenotype, but temperature sensitive (ts) mutations in the gene responsible for 
modification, hsdM, showed that the HsdM subunit was required for the restriction 
activity of these systems (Hubacek and Glover, 1970). Hence a model of the E.coli 
K-12 and B systems was proposed wherein three genes together encoded a single 
oligomeric protein responsible for both the restriction and modification (R-M) 
functions of these enterobacteriae, but a functional modification enzyme could be 
produced without hsdR (Boyer and Dussoix, 1969; Glover, 1970). 
Molecular basis of restriction and modification 
S. Lederberg showed that phage restriction by P1 lysogenic bacterial hosts 
was associated with release of unmodified phage DNA from the host cell 
(Lederberg, 1957); following infection with Ti phage whose DNA was labelled with 
32p he observed the appearance of the 32P label in the medium. It was later found 
that unmodified bacteriophage ? DNA was degraded by restriction (Dussoix and 
Arber, 1962), also unmodified ? DNA was inactivated in vitro by mixing it with the 
cell extracts of r+  hosts (Takano et al., 1966), suggesting the role of a cytosolic 
component in the degradation. The specific modification of phage appeared to act 
directly upon the DNA of the phage (Arber and Dussoix 1962), and the degradation 
of phage DNA was due to endonucleolytic cleavage of the double stranded 
unmodified DNA (Meselson and Yuan, 1968; Linn and Arber, 1968; Roulland-
Dussoix and Boyer, 1969). Work on the transfer of host chromosomal and plasmid 
DNA showed that it was subject to the same restriction as phage DNA (Arber and 
Dussoix, 1962; Arber and Morse, 1962). It was found that radioactively labelled 
methyl groups were incorporated into ? DNA in the process of modification (Arber, 
1964), also modification was found to be methionine dependent (Arber, 1965), 
implicating DNA methylation as the modification that protected the DNA from 
degradation by the restriction activity. 
Nomenclature of R-M systems 
The first restriction and modification systems purified were from E.coli K-12 
(Meselson and Yuan, 1968) and E.coli B (Linn and Arber, 1968). As more R-M 
enzymes were characterised, the enzymes were classed as being either ATP-
requiring, type I, or ATP-independent, type II (Boyer, 1971). However, certain R-M 
enzymes that were ATP-requiring, did not appear to hydrolyse the ATP, and so these 
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were classed as a separate group, type III (Arber and Wauter-Willems, 1970; 
Haberman, 1974; Kauc and Piekarowicz, 1978). 
Recently the nomenclature of the type I R-M systems has been modified to 
conform to the general recomendation of Smith and Nathans (1973). So some type I 
systems now have a Roman numeral suffix e.g. EcoK becomes EcoKlE. Also certain 
systems have been completely renamed, for instance the type I system from 
Salmonella enterica serovar typhimurium LTH previously known as StySB is now 
StyLTIH, to indicate that it is the third R-M system identified in this strain. The type 
II methylases and endonucleases are sometimes abbreviated with the prefixes M. and 
R. respectively, this is not strictly appropriate for type I or type Ill systems as the 
methylase components also form part of the full restriction system, and so these 
prefixes will only be used here for type II enzymes. 
Type II R-M systems 
These ATP-independent systems have been subject to the most intense study, 
particularly due to there significance to molecular biology, as site-specific 
endonucleases, (for reviews see Bickle, 1987; Wilson, 1988; Bennet and Halford, 
1989; Wilson and Murray, 1991). Type II R-M systems comprise two separate 
enzymes, the restriction enzymes act on unmethylated target DNA as dimers, 
requiring only magnesium as a cofactor in the endonucleolytic cleavage reaction. 
The methylases function as monomers, methylating adenine or cytosine residues on 
both strands of their short palindromic DNA targets, using S-adenosyl-L-methionine 
(AdoMet) as the methyl donor. The DNA targets can be bipartite but still retain their 
symmetry. Specific examples of type II restriction and modification enzymes are 
discussed later, in context With their interaction with DNA. 
Type us R-M systems 
The type Hs systems are a small group of R-M enzymes closely related to the 
type II systems, the name is derived from the nature of their endonucleolytic 
cleavage, which is shifted several bp away from their DNA target (for review see 
Szybalski et al., 1991). Their DNA recognition targets, unlike type II, are 




Only four different type III systems have been isolated:- EcoPI from 
bacteriophage P1, EcoPl5I from prophage P15, StyLTI from Salmonella and HinfllI 
from Haemophilus influenzae (for review see Bickle, 1993). The type III R-M 
systems are specified by two genes res and mod, encoding the R and M subunits 
respectively. The M subunit forms an active methylase that combines with the R 
subunit to form the full R-M system which cleaves unmodified DNA 25 or 26 bp to 
one side of the target sequence (Bickle, 1987). Both ATP and AdoMet are cofactors 
for restriction (Yuan and Reiser, 1978). The DNA target itself is a 5 or 6 bp 
asymmetric sequence and is methylated at the N6-adenine position only on one 
strand of the DNA. This suggests that after DNA replication, methylation is lost on 
one of the daughter molecules, rendering the host DNA susceptible to host 
restriction. However, two type III targets in opposite orientations are required for 
restriction of the DNA, so after replication methylation is maintained on at least one 
of the two components of the target, which prevents self-restriction (Kruger et al., 
1990; Meisel et al., 1992). 
Other related systems 
Some new R-M systems do not readily fall within the original classification. 
A putative type IV system has been described which is ATP-independent (Janulaitis 
et al., 1992). This system has separate methylase and restriction endonuclease 
enzymes, while the methylase methylates both strands of the DNA target, the 
endonuclease, as well as performing the restriction function of the system, unusually, 
methylates one strand of the DNA target. Another ATP-independent system, BcgI, 
which has two subunits both of which are required for either DNA restriction or 
modification, has characteristics of all the original three types of R-M systems. This 
enzyme, in the presence of AdoMet, cleaves a few base pairs from both sides of its 
DNA target site (Kong et al., 1994). 
Both of these two new systems are like type II enzymes, on the basis of ATP -
independence but are clearly quite different in other respects, and may give insights 
into the evolutionary relationships between the different types of R-M systems, of 
interest in this context, one of the two subunits of BcgI shows a 25% amino acid 
sequence identity with the HsdM subunit of the EcoAI type I R-M system (Kong et 
al., 1994). 
All the systems mentioned so far restrict unmodified DNA, but there are three 
systems in E.coli which restrict only methylated targets. mcrA (Modified ytosine 
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restriction) is located within the e14 prophage (Ramalingam et al., 1990), whereas 
mcrBC is adjacent to and downstream of the E.coli K-12 hsd genes. These systems 
cleave sequences containing C5-methyl cytosine (see Raleigh and Wilson, 1986 and 
papers therein). The gene encoding a third system, mrr (modified adenine 
recognition and restriction), is upstream of the E.coli K-12 hsd genes and cleaves 
sequences containing N6-methyl adenine and C5-methyl cytosine (Kelleher and 
Raleigh, 1991). The DNA target specificities of these systems are not fully 
characterised and may be highly degenerate. 
In vivo role for R-M systems 
The role of R-M systems in vivo is usually assumed to be the host defence 
against phage infection. This view is supported by the enormous diversity of the 
DNA specificities of R-M systems, (for review see Wilson and Murray, 1991; 
Roberts and Macelis, 1993), and their ubiquitous distribution in enterobacteriae (see 
Barcus and Murray, 1995; Janulaitis et al., 1988). A novel restriction specificity is 
likely to be more effective against phage which have become modified against the 
"established" host R-M system, hence variation in specificity seems likely to be of 
advantage to the host (Levin, 1986). Phage have adopted a number of mechanisms 
for avoiding restriction by their hosts (see Kruger and Bickle, 1983; Bickle and 
Kruger, 1993), these include absence of restriction targets within the phage genomes 
or phage encoded activities that modify host R-M function or mask the phage 
restriction targets (see Bickle and Kruger, 1993). 
However, R-M systems only exert their defence during the initial round of 
infection by an unmodified phage. Some phage will escape restriction and become 
modified against the host's R-M system, but bacteria within the population are likely 
to acquire mutations rendering them resistant to phage infection. It has been 
suggested that restriction of DNA can generate fragments that are substrates for 
recombination (Price and Bickle, 1986) and so restriction may promote genetic 
transfer. This idea is supported by evidence that restriction endonucleases can 
promote recombination (Stahl et al., 1983; Schiesti and Petes, 1991), and from the 
chromosome analysis of E.coli and transductants (Milkman and Bridges, 1993; 
McKane and Milkman, 1995). So the in vivo role for these systems is still in debate 
(King and Murray, 1994). 
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Type I R-M systems 
Introduction 
A typical type I R-M enzyme consists of three types of polypeptides encoded 
by the hsd genes. The HsdM and HsdS subunits together form a N6-adenine 
methyltransferase, stoichiometry M2S  (Lautenberger and Linn, 1972; Suri and 
Bickle, 1985; Taylor et al., 1992; Cooper and Dryden, 1993), which methylates a°n 
adenine on each stand of a bipartite DNA target site. The HsdM subunit contains 
important motifs for binding the methyl donor (AdoMet), and catalyses the transfer 
of the methyl group to the adenine bases in the target; the DNA target specificity is 
determined by the HsdS subunit. In vivo, the typical substrate for methylation would 
be the product of DNA replication where the DNA is hemimethylated, although all 
type I systems can methylate unmodified DNA to different degrees, for instance in 
the unmodified phage that escape restriction of a r+m+  host cell. The 
methyltransferase together with the HsdR subunit can form the full restriction and 
modification system, stoichiometry R2M2S  (Weiserova et al., 1993; Dryden, 
unpublished), which acts upon unmodified target DNA to initiate the cleavage, 
typically several kb away from the target, and requires Mg 2 , ATP and AdoMet 
(Rosamond et al., 1979; Yuan et al., 1980). The methylases of two type I enzymes 
have been overproduced, purified and extensively characterised in vitro, EcoKI 
(Dryden et al., 1993) and EcoRl24I (Taylor et al., 1993). 
Classification into families 
The first type I systems studied could interchange subunits to produce 
functional R-M systems (Boyer and Roulland-Dussoix, 1969), however, the type I 
system from E.coli 15T (EcoAI) could not complement in this way (Arber and 
Wauter-Willems, 1970). The first hsd systems characterised were found to be 
similar, on the basis of cross-reactivity of antibodies, DNA hybridisation and DNA 
and predicted amino acid sequence conservation (Sain and Murray, 1980; Murray et 
al., 1982). When the EcoAI and El systems (Fuller-Pace et al., 1985) and the 
Citrobactorfreundii system (Daniel et al., 1988) were characterised they were 
clearly quite different from the "EcoKJ like' (IA family) systems by the criteria 
mentioned, and so have been grouped into the lB family (Fuller-Pace et al., 1985; 
Suri and Bickle, 1985; Bickle, 1987), a new member of this family from Salmonella 
kaduna has recently been characterised and shares sequence with the other three 
members (Ternent and Murray, unpublished). Whilst the hsd genes of the IA and lB 
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family members are located at the same position in the E.coli chromosome (Daniel 
et al., 1988), inter-family sequence conservation is so poor that they have been 
termed pseudoalleles (Sharp et al., 1992). A third family of type I systems, IC, has 3 
members which are plasmid encoded, EcoR124I and II from the IncFIV plasmids 
R124 and R124/3 (Firman et al., 1983; Firman et al., 1985; Price et al., 1987a) and 
EcoDXXI from the E.coli ET7 plasmid pDXX1 (Piekarowicz etal., 1985; Skrzypek 
and Piekarowicz, 1989). A fourth IC family member, Ecoprrl, is chromosomally 
located at the E.coli prr locus (Linder et al., 1990; Tyndall et al., 1994). 
Recently a new type I system has been found in Salmonella enterica serovar 
blegdam and this appears on the basis of DNA hybridisation and sequence 
comparisons, to be the first member of a new family, putatively named ID 
(Titheradge and Murray, unpublished) 
A recent screen of natural isolates of E. coli, using family specific DNA 
probes, has indicated that approximately 45% of them carry a type IA, TB or ID 
system (Barcus et al., 1995). 
Gene Organisation 
The hsd genes of EcoKI and EcoBI were cloned in ? and the gene order was 
determined to be 5' hsdR —>hsdM —*hsdS. The hsdM and hsdS genes are under the 
control of a single promoter, where as hsdR has a separate promoter (Sain and 
Murray, 1980; Loenen et al., 1987). It is not clear if the hsdR promoter allows the 
differential control of the restriction and modification functions within a cell, 
although recent work using E.coli K-12 hsd genes on the F' plasmid suggests that the 
modification function is expressed in advance of the restriction function when the 
plasmid is transferred to an hsd-deficient host (Prakash-Cheng et al., 1993; Prakash-
Cheng and Ryu, 1993). When expressing the hsdR gene of E.coli K-12 on a 
plasmid, in a strain that has the E.coli K-12 hsd genes on the chromosome 
(AB 1157), the level of restriction of unmodified ? phage is greatly increased, 
suggesting that the amount of HsdR subunit in the cell may be a limiting factor for 
restriction (Weiserova et al., 1993; N.E. Murray, pers. comm.). 
While the lB family hsd genes map to the same position on the E.coli 
chromosome, their sequences are sufficiently different to IA members to prevent 
cross-hybridisation of DNA probes on Southern DNA blots (Murray et al., 1982). 
The TB family genes are in the same order as the IA family, and also appear to share 
the same promoter organisation (Fuller-Pace et al., 1985). 
[bJ 
The type IC hsd genes are plasmid encoded (with the exception of the 
recently characterised Ecoprrl), and their gene order, 5' hsdM —*hsdS —hsdR, is 
different from the other two families (Price et al., 1987b). The promoter 
organisation appears to be the same as the other type I systems. The start of the hsdS 
gene overlaps the end of the hsdM gene TGA stop codon with a -lbp frameshift 
(Price et al., 1989) as in the IA and lB families (Gough and Murray, 1983; Cowan et 
al., 1989), this may allow translational coupling (Openhiem and Yanofsky, 1980). It 
is unclear whether this frameshift allows the down regulation of hsdS translation or 
whether excess HsdS subunit is produced in vivo. 
Mechanism of restriction and modification 
The action of a type I enzyme depends upon the methylation state of the 
target to which the enzyme is bound. ATP stimulates the EcoKI R-M system to 
dissociate from fully methylated sites (Bickle et al., 1978). The IA and IC family 
methylases specifically methylate hemimethylated targets in preference to non-
methylated ones, but the lB methylases do not show this specificity, methylating 
either non-methylated targets or hemi-methylated targets equally well (Lautenberger 
and Linn, 1972; Suri and Bickle, 1985; Taylor et al., 1993). Mutations isolated in 
the hsdM gene suggest that the preference of EcoKI for hemimethylated DNA is 
mediated through the N-terminal 100 amino acids of the HsdM subunit (Kelleher et 
al., 1991), as mutations in this region can enhance methylation of unmodified DNA 
targets. In vitro, the Kd of the purified EcoKI methylase for a specific 
hemimethylated DNA oligonucleotide is reduced four-fold in the presence of 
AdoMet (Powell etal., 1993), and in this case AdoMet is all that is required for the 
methylation reaction to proceed. Although an unmodified specific oligonucleotide 
has a similar in vitro Kd value (compared to a hemimethylated oligonucleotide) 
suggesting that selective methylation of hemimethylated targets must occur at the 
level of catalysis. Methylation interference analyses of the EcoKJ methylase binding 
to specific oligonucleotides, that were unmethylated, hemi-methylated or fully 
methylated at the relevant positions in the EcoKI target site, show that the 
methylation state of the target DNA affects the contacts made to the DNA. An 
unmethylated target sequence gave a pattern different from either the fully 
methylated target or the two hemi-methylated targets (Powell and Murray, 1995). 
Addition of AdoMet strongly affected the methylation interference pattern only with 
the unmethylated target, suggesting that AdoMet plays an important role in 
differentiating methylated from unmethylated targets. With the full R-M system, 
Mg2 and ATP both stimulate methylation of hemimethylated DNA (Vovis et al., 
1974; Burckhardt et al., 1981; Suri and Bickle, 1985). The methyl group is 
transferred from AdoMet to the N6-adenine in the target sequence (Vovis and 
Zinder, 1975). The preference for hemimethylated targets in the IA and IC families 
remain in the full R-M systems (Suri and Bickle, 1985; Price et al., 1987b). 
Work on EcoKI and EcoBI shows that after an AdoMet activated form of the 
enzyme binds to a non-methylated target site a conformational change occurs (Yuan 
et al., 1975; Bickle et al., 1978) and AdoMet is no longer required for the cleavage 
reaction (Hadi, 1975; Yuan et al., 1975). In the presence of ATP, DNA-protein 
complexes form which are retained on a nitrocellulose filter (Yuan and Meselson, 
1970; Bickle et al., 1978), once this restriction reaction has started the enzyme 
remains permanently bound to its recognition site (Eskin and Linn, 1972; Bickle et 
al., 1978; Rosamond et al., 1979; Endlich and Linn, 1985). The restriction cleavage 
is accompanied by ATP hydrolysis which continues for a considerable time after 
DNA translocation and cleavage (Yuan et al., 1972; Horiuchi et al., 1974; Yuan et 
al., 1980; Endlich and Linn, 1985). The HsdR subunit contains predicted amino acid 
motifs consistent with this ATP-driven translocation (Gorbalenya and Koonin, 1991; 
Murray et al., 1993), and mutations within one of these motifs abolish restriction 
activity in EcoKI (N.E. Murray, pers. comm.). Observations by Studier and 
Bandyopadhyay, 1988 show that the DNA cleavage patterns are consistent with 
cutting of the DNA when two enzymes bound to specific target sites on linear DNA, 
which are translocating DNA past themselves, collide. Experiments with a type III 
R-M system suggest that a similar mechanism of (translocation and collision 
mediated) cleavage is used by this type III endonuclease (Bickle et al., 1995 in 
press), although there is evidence that the mechanism of cleavage may be different 
for circular DNA molecules (Yuan et al., 1980; Weiserova et al., 1993). 
Specificity 
Most R-M systems recognise a specific DNA target, although many of these 
sequences show some degeneracy. For a type II enzyme separate target recognition 
domains (TRDs) on both the restriction endonuclease and the methylase recognise 
the same target. Interestingly, these TRDs often show very little amino acid 
sequence similarity despite specifying the same DNA target. This may well reflect 
the different way in which the type II R. and M. enzymes interact with their DNA 
targets (see section on protein-DNA interactions). The DNA target specificity of 
both type I and type III R-M systems is specified by a subunit common to both 
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activities (restriction and modification), and so the specificity of restriction can be 
altered, as it does not result in the lethal situation of restriction without modification. 
Recent experiments and observation, discussed below, have given insights into how 
type I enzymes recognise an asymmetric, bipartite target and how new specificities 
are generated in vivo. 
Sequence Comparison 
The first hsdS genes sequenced were those from the IA family Eco KI, BI 
and DI from E.coli (Gough and Murray, 1983)and later StySPI and StyLT1II from 
Salmonella (Fuller-Pace and Murray, 1986). The hsdS genes are approximately 
1500bp in length and have two large regions (500bp) which do not show sequence 
conservation with other members of the same family. Smaller regions of the hsdS 
sequence are conserved, one located centrally separates the two variable regions, and 
the other is at the 3' end of the gene (Gough and Murray, 1983). So the IA hsdS 
genes can be divided into four regions, see figure 1.1 a. 
The characterisation of the EcoAl and EcoEl R-M systems (lB family) and 
the sequence of their hsdS genes (Fuller-Pace et al., 1985; Cowan et al., 1989), 
showed that these systems have two large variable regions separated by a conserved 
region similar to the IA family. But they have a different arrangement of conserved 
regions, see figure 1. lb., notably a large conserved region at the 5' end of the gene, 
which is also seen in other members of the lB family, Citrofactorfreundi (Kannan et 
al., 1989) and Salmonella kaduna (Ternent and Murray, unpublished). The IC 
family hsd genes are more similar to IA family members in the organisation of their 
conserved regions, than to TB members, see figure 1.1c, although the IA and TB 
families appear to be the most closely related by sequence conservation (Sharp et al., 
1992). A table of all type I systems with characterised DNA targets is shown (see 
table 1.1), omitting various deletion derivatives and hybrids isolated in the 
laboratory which are discussed later. 
The extensive variation in the DNA sequence of the hsdS genes within the 
members of a single family was unexpected, it had been anticipated that small areas 
of divergence within these genes would explain the difference in specificities that 
they encode. But the connection between the two variable sequences in the hsdS 
genes with the two parts of the DNA target site lead Gough and Murray, 1983 to 
propose that these regions might be the important areas within the HsdS subunit that 
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Table 1.1 Type I R-M system DNA targets 
Table 1.1 shows the specific DNA targets of the type I R-M systems that have been 
characterised. The recombinant hsdS systems of both the IA and IC family 
(including EcoR12411) as well as the hsdS deletion derivatives are not shown, these 
are discussed separately in the text. The underlined nucleotides indicate the 
positions of adenine methylation within the target site. R indicates that either 











SEySPI AAC -N6 -GIRC 
StyLTffl GAG-N6 -RIAYG 
•IB 
EcoAl GAG-N7-GTCA 
EcoEl 	 GAG-N7-AIGC 
CfrAI 	 GC-N7-GGG 
Kan et al. (1979) 
Ravetch et al. (1978) 
Lautenberger et al. (1978) 
Nagaraja et al. (1985b) 
Nagaraja et al. (1985a) 
Nagaraja et al. (1985a) 
Suri et al. (1984) 
Cowan et al. (1989) 





EcoR 1241 	 GAA-N7 -RTCG 
EcoDXXI 	 TCA-N7-ATTC 
Ecoprrl 	 CC-N7 -RICC 
Price et al. (1987b) 
Piekarowicz & Gougen 
(1986) 
Tyndall et al. (1994) 
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Figure 1.1 Schematic diagram of regions within the HsdS subunits 
Figure 1. la The IA family HsdS subunit is illustrated with the N-terminus to the 
left. The variable regions are shown as clear blocks whereas the conserved regions 
are shown as being shaded. Above the subunit the conserved repeated regions are 
represented, a key to the shading is at the bottom of the page. The size of the 
variable and conserved regions is shown in amino acids (aa) below each region. 
Figure 1.lb The TB family HsdS subunit is shown with regions indicated and 
shaded as in figure 1.1a. 
Figure 1.lc The IC family HsdS subunit is shown with regions indicated and 
shaded as figure l.la. 
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Figure 1.1 Schematic Diagram of regions within HsdS polypeptides 
Figure 1.1 a. 
111 	 1111 
IA 	 I I 	 I 
c. 140aa 	53aa 	c.165aa 	 c.94aa 
Figure 1.lb. 	
IM 
lB I 	 I 	 II 
lOOaa 	c.l4Oaa 	 140aa 	 c.184aa 	l6aa 
Figure 1.1c.  
III  
IC 	 IM 	 F=_ :1 
21 a 	c.l3Oaa 	c.70aa 	c.l3Oaa 	c.45aa 
EE 	conserved regions 
variable regions 
intra-family conserved repeat 
inter-family conserved repeat (Kannan et aL, 1989; Tyndall et al., 1993) 
short inter-family conserved repeat (Kneale, 1994) 
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determine specificity. An alternative view was proposed when Argos observed that 
a short stretch of amino acids within the conserved regions of EcoKJ, EcoBI and 
EcoDI was repeated within the HsdS subunit, once in the central conserved region 
and once in the carboxyl conserved region, this lead him to suggest that these repeats 
may be of importance in the DNA target recognition, see figure 1.1 a (Argos, 1985). 
The differences in the specificities being potentially explained by the few variant 
amino acids within the conserved regions. 
Recombinant IA family HsdS subunits 
Work on the IA systems of Salmonella species supported the idea that within 
HsdS the variable regions were important for determining DNA specificity. A R-M 
system isolated in the laboratory, StySQ (Bullas et al., 1976), was shown to be the 
result of recombination between the hsdS genes of the StySPI and StyLTIH R-M 
systems (Fuller-Pace et al., 1984). The crossover occurred within the central 
conserved region and the recombinant gene had the 5' end from StySPI, and the 3' 
end from StyLTIII (Fuller-Pace and Murray, 1986). The DNA target encoded by 
StySQ was characterised as a hybrid of the two original strains, having the 
trinucleotide recognition component • of SIySPI and the tetranucleotide recognition 
component of StyLTffl (Nagaraja et al., 1985c), see figure 1.2a. 
An hsdS gene of reciprocal structure was created in which the 5' end was 
from S1yLTIII and the 3' end from StySPI (Gann et al., 1987). This hybrid system, 
StySJ had the trinucleotide target of StyLTIll and the tetranucleotide target of SIySPI, 
see figure 1.2a. In order to determine whether half of the central conserved region or 
the large variable region was responsible for trinucleotide recognition, site directed 
mutagenesis was used to change the central conserved region of StySQ to match that 
of StyLTIII. This new system was designated StySQ*  and was shown to be 
functional and have the same specificity as StySQ (Cowan et al., 1989), see figure 
1.2a. Therefore the 5' variable region encodes the trinucleotide component of DNA 
target recognition, and it is assumed that the 3' variable region encodes the 
tetra/pentanucleotide component of DNA recognition. These experiments led the 
way in suggesting that the type I hsdS genes encoded a subunit with two 
independently functional DNA binding domains or Target Recognition Domains 
(TRDs). 
Similar experiments were done with two type II methylases HpaI and HhaI, 
switching the region containing the large variable region (encoding the single TRD), 
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Figure 1.2 Hybrid IA and IC HsdS polypeptides 
Figure 1.2a IA HsdS polypeptides are illustrated with the N-terminus to the left, 
variable and conserved regions are indicated at the bottom of the figure. The top two 
HsdS subunits are from the wild type StySPI (lightly shaded) and StyLTffl (darkly 
shaded) systems. The three other HsdS subunits are the hybrid IA family subunits 
with the light and dark regions indicating the origin of the HsdS sequence. 
Figure 1.2b The IC family HsdS subunits are shown (N-terminus to the left with 
variable and conserved regions shown at the bottom of the figure). The central 
conserved regions are shown as clear blocks with each TAEL four amino acid repeat 
indicated by an arrow. The top three subunits are the wild type EcoR124I and 
EcoR 12411 (both lightly shaded) and the EcoDXXI (darkly shaded) HsdS subunits. 
The other four are the hybrid IC family HsdS subunits with the shading indicating 
the origin of the sequence. 
16 
Figure 1.2 Hybrid IA and IC HsdS polypeptides 
Figure 1.2a. 






conserved 	 conserved 
variable region 	u 
region variable region 	i region 
SzyLTHI sequence 
•. SySPI sequence 
Figure 1.2b. 
Schematic of HsdS polypeptide structure 	 R-M system 	DNA target 
I IPIP w 	 EcoR124I GAA-N6-RTCG 
i 	 I EcoR124II GAA-N7-RTCG 
EcoDXXI TCA-N7-RTFC 
	
:' tati EcoDR2 	TCA-N6-RTCG 
I 	 I 	 EcoRD2 	GAA-N6-RTFC 
EcoDR3 	TCA-N7-RTCG 
_ _._l 310MM 	 &oRD3 	GAA-N7-RTFC 
conserved 	 conserved conserved 
region variable region 	u region i 	variable region 	
i region 
I EcoRl24 sequence 
EcoDXXI sequence 
I 	I central conserved region 
TAEL four amino acid repeat 
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between the two systems and showing that their specificities were interchanged 
accordingly (Klimasauskas et al., 1991). 
For type I R-M systems it has been found that TRDs encoding the same 
specificity have similar amino acid sequence (Fuller-Pace and Murray, 1986; Cowan 
et al., 1989), these are discussed in more detail in Chapter 4. 
Methylation interference work on the EcoKI methylase shows that the protein 
interacts at or near the N7 position of all the guanines in the major groove of the 
specific recognition sequence as well as two neighbouring guanines in the 
intervening non-specific spacer (Powell and Murray, 1995). 
Recently, purified EcoKI methylase was cross-linked to a chemically 
modified oligonucleotide DNA target. The first thymine in the specific target AAC-
N6-GTGC was substituted with bromodeoxyuridine, and this cross-linked to the 
methylase using ultra-violet irradiation. The complex was subjected to partial 
proteolysis and amino acid sequencing of the cross-linked product identified tyrosine 
27 of the HsdS subunit cross-linked to the bromodeoxyuridine (Chen et al., 1995). 
This agrees with the observations derived from hybrid hsdS genes, where the amino 
TRD specifies the AAC component of the bipartite DNA target, also more 
specifically the Tyr 27 is conserved in three TRDs that recognise a trimeric target 
which includes the ApA dinucleotide, and may therefore implicate a region within 
the TRD that is important for the actual DNA interaction within the major groove. 
EcoR124I and EcoR124II 
The coding sequence of the first two members of the IC family, EcoR 1241 
and EcoR 12411 were cloned (Firman et al., 1985) and sequenced (Price et al. 1989). 
The targets recognised by these two systems differ only in the length of the non-
specific spacer, EcoR 1241 recognises the target GAA-(N6)-RTCG, whereas 
EcoR124II recognises the target GAA-(N7)-RTCG (Price et al., 1987b). EcoR124II 
arose spontaneously in the laboratory from EcoR124I and the specificities of the 
systems can switch reversibly in vivo (Glover et al., 1983). When the sequence for 
the hsdS gene of EcoR124II was established it became clear that the different 
specificities resulted from either unequal crossing-over or strand-slippage within the 
central conserved region of the hsdS gene. A directly repeated DNA sequence in the 
central conserved region of EcoR124I encodes four amino acids TAEL (Threonine-
Alanine-Glutamate-Leucine), which occurs twice in EcoR124I and three times in 
EcoR124II, this extra tetrapeptide repeat in EcoR124II is enough to extend the 
LI1 
distance between the two parts of the bipartite target by one base pair (Price and 
Bickle, 1988; Price et al., 1989). This promotes the idea that one function of the 
central conserved region may be to act as a spacer between two TRDs, the lbp 
addition in the DNA target spacer requiring an extra 3.4A spacing of TRDs and a 36° 
rotation on a 13-form DNA helix. In order to test this idea further an exhaustive 
collection of variants of this central conserved sequence was constructed by site 
directed mutagenesis (Gubler and Bickle, 1991). The mutations are summarised in 
Table 1.2. Interestingly the point mutations altering EcoR124I leucine 175 
(numbering from start of the HsdS subunit) to proline, arginine or histidine also 
threonine 176 to proline, alanine or serine had no detectable affect on the in vivo 
function of the system. These mutations would be expected to disrupt secondary 
structure and the absence of a mutant phenotype suggests that this repeat sequence is 
not in a defined a-helix or 13-strand structure, rather the length of this spacer is 
critical in determining the spacing of the TRDs. However, spacers of the same 
length but different sequence e.g. ELTAELTAEL and TAELTAELTA have very 
different phenotypes suggesting that the sequence itself is important, and it has been 
postulated that the permutation of the sequence in these two examples may affect the 
flexibility of the inter-TRD linker and may have a role in interacting with the HsdR 
subunits (Gubler and Bickle, 1991). What is clear is that this conserved region 
provides an ideal site for recombination between hsdS genes of the IC family, in 
order to generate new specificities. The purified EcoR124I HsdS subunit alone has 
been shown to bind specifically to its DNA target sequence (Kusiak et al., 1992), 
although in this case addition of purified M subunit to the HsdS-DNA complex did 
not appear to bind as assessed by retardation experiments, so it is not clear if this 
represents the in vivo situation. 
IC family hybrid HsdS subunits 
Gubler and co-workers constructed a set of recombinant hsdS genes from the 
two IC family members EcoR124I and EcoDXXI (Gubler et al., 1992). The 
recombinant molecules encoded subunits not simply with rearranged TRDs, but also 
with both two and three copies of the tetrapeptide repeat (TAEL) in the central 
conserved regions, see figure 1.2b. These recombinant genes produced functional 
HsdS subunits which determined novel DNA hybrid (EcoR1241JEcoDXXI) 
specificities and with either six or seven nucleotide non-specific spacers, depending 
on the presence of either two or three TAEL repeats in the central conserved region 
respectively. 
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Table 1.2 The IC central conserved repeat mutations 
All information from Gubler and Bickle (1991). 
Table 1.2a shows the results of point mutations made in the EcoR 1241 hsdS gene, at 
two positions corresponding to leucine 175 and threonine 176 (positions shown in 
bold). The mutations all resulted in a restriction proficient phenotype. 
EcoR 1241 	wild-type 	(172) TAELTAEL (179) r' phenotype 
Leucine (175) to Proline, Arginine or Histidine gives an r phenotype. 
Threonine (176) to Proline, Alanine or Serine gives an r phenotype. 
Table 1.2b shows insertion and deletion mutants at the central conserved repeat 
sequence in EcoR 1241 and EcoR 12411 HsdS subunits, including the two wild-type 
HsdS subunits. The restriction phenotype is given as the eop of unmodified 2. phage 
grown on a strain carrying a full R-M system with the HsdS repeat sequence shown 
compared to a non-restricting strain. The modification of phage grown on a strain 
containing a methylase with the HsdS repeat sequence shown, is indicated, as 
assayed by plating on a EcoR 1241 or II restricting host. All figures are approximate, 
as they are based on a graphical representation of this data in Gubler and Bickle 
(1991). 
M11- indicates phage were restricted approximately 10 fold on the appropriate 
restricting host compared to 1000 fold for unmodified phage. 
indicates modification was not accurately measureable due to low titres of Xvir. 
modification 
restriction (eop) EcoR124I Eco12411 
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Deletion derivatives of the HsdS subunits 
IA family 
In the course of making the StySJ and StySQ*  hsdS genes, deleted StySPI and 
StySQ hsdS genes were made in the pUC13 plasmid vector. This created fusions 
between the first seven amino acids encoded by the lacZ gene, in the pUC 13 
polylinker cloning site, and truncated StySP and SIySQ HsdS subunits, lacking their 
amino variable regions (see figure 1.3a). Unmodified phage A. propagated on a strain 
carrying chromosomal hsdM and hsdS genes of E. coli B and either one or other of 
the plasmids encoding truncated HsdS subunits did not appear to be methylated, as 
assayed by in vivo restriction by the StySP, StySQ and EcoBI systems (Gann, 1988). 
The truncated HsdS subunits clearly were capable of interacting with the other 
subunits of their family members, because EcoBI methylation was blocked. When 
these truncated HsdS plamids were expressed in a strain with a complete IA family 
hsd region on the chromosome, the truncated HsdS subunits produced an r 
phenotype. It was concluded that the deletion derivatives were capable of interacting 
with either the HsdM subunits, or possibly both HsdM and HsdR, and sequestering 
them from the wild type HsdS subunit, thereby preventing the formation of the 
active R-M system (Gann, 1988). 
IC family deletions 
More recently, a number of deletions of the hsdS genes have been isolated in 
the IC family of type I R-M systems. One of these was produced by the insertion of 
Tn5 673bp from the 5' end of the hsdS gene of EcoDXXI (Skrzypek and 
Piekarowicz, 1989). This, rather than destroying the R-M system, produced a 
functional R-M system with a new DNA specificity. Further work showed that the 
truncated protein produced by this insertion (233 amino acids from EcoDXXI and 9 
from Tn5 at the carboxyl end) was able to specify a palindromic bipartite target, 
5'TCA-N(8)-TGA (Meister et al., 1993). It is assumed that this truncated HsdS 
subunit, which contains the TRD responsible for recognising the trinucleotide 
5 'TCA, is able to dimerise, in order to form a functional type I recognition subunit 
assembly. In order to ascertain exactly how much of the HsdS subunit was capable 
of dimerising in this way, exonuclease ifi was used to make a series of deletions to 
reduce the size of the HsdS subunit further. It was found that those deletions that 
extended into the central conserved region of the hsdS gene, inactivated the resultant 
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Figure 1.3 Deletion derivatives of the HsdS subunits 
Figure 1.3a. This illustrates the two IA family HsdS deletion derivatives. The full-
length HsdS subunits of StySPI and StySQ are shown with conserved regions shaded 
(as in figure 1.1). The two deletions are shown with the seven amino acids of 3-
galactosidase at the N-terminus. A key to the shading is shown at the foot of the 
page. The restriction (r) and modification (m) phenotypes of a wild-type IA family 
host, carrying a plasmid with the genes encoding each of the four HsdS subunits is 
shown. This figure is derived from data in Gann (1988) and an analogous deletion 
derivative of EcoKI HsdS subunit is discussed in chapter 3. 
Figure 1.3b. This figure shows the deletion derivatives of EcoR 1241 isolated by 
Abadjieva et al. (1993). The full-length EcoR124I HsdS subunit is shown with two 
deletion derivatives alongside the DNA targets that these HsdS subunits specify. 
The numbers on the sequences represent the number of amino acids from the amino 
terminus of the HsdS subunit to the position marked, in the wild-type case this 
position is the end of the central conserved region and for the deletions the numbers 
mark the position of the deletion. The second deletion HsdS(56) is the result of a 
single base insertion at position 260 which results in 24 amino acids being encoded 
in a different frame from the wild-type sequence, before a stop codon. A key to the 
shading is given at the foot of the page. 
Figure 1.3c. This figure shows the deletion derivatives of EcoDXXI isolated by 
Skrzypek and Piekarowicz (1989) and Meister et al. (1993). The full-length 
EcoDXXI HsdS sequence is shown with three deletion derivatives alongside either 
the DNA target specificity of those HsdS subunits that, together with HsdR and 
HsdM, can from a functional, r+ m+, R-M system or the phenotype of these HsdS 
deletion derivatives in the presence of HsdR and HsdM. The numbers marked are as 
for figure 1.3b, they indicate the distance in amino acids from the amino terminus of 
the HsdS subunit. All the deletion derivatives include Tn 5 sequence at their 
carboxy terminus, this is indicated by dark shading, a key to which is shown beneath 
the figure. 
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Figure 1.3 Deletion derivatives of the HsdS subunits 
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HsdS subunit from forming either an active methylase or restriction enzyme (Meister 
et al., 1993), see figure 1.3c. 
Similar deletions were isolated by mutagenesis of the region encoding amino 
acids 233 to 296 of EcoR124I (Abadjieva et al., 1993). In this case two mutants 
were isolated that gave hyper-restriction phenotypes, the hsdS genes of these mutants 
were sequenced. The mutations were firstly the introduction of a stop codon at 
amino acid 245, and secondly an insertion of a base after the codon for amino acid 
260, resulting in 24 new amino acids from a different frame before a stop codon. 
The first of these hyper-restriction mutant hsdS genes was cloned in a plasmid 
containing the hsdM gene and this was used to determine its DNA methylation target 
as being GAA-N7-TTC (Abadjieva et al., 1993), see figure 1.3b. Like the EcoDXXI 
deletions it appears as though half of the HsdS subunit can dimerise to specify both 
parts of the DNA target. Abadjieva and colleagues suggest that from their 
purification of the mutant methylase each HsdM subunit interacts both with itself 
and with the HsdS subunit, this dimerisation of the HsdM subunits is also seen in 
vitro for EcoKJ (M. Winter pers. comm.) 
This work demonstrates that a whole HsdS subunit is not essential in 
producing an active type I R-M system. The deletion mutants recognise short 
bipartite symmetrical DNA targets similar to some type II R-M systems. This adds 
weight to the idea that hsdS genes may have arisen as a result of gene duplication of 
a shorter but nevertheless functional gene. It should be noted that no type I systems 
have been isolated from natural sources, which have a shorter hsdS gene specifying a 
symmetrical target. 
Type I specificity 
These data (discussed above) support the idea of an HsdS subunit with two 
large TRDs, interacting with the two parts of the bipartite recognition sequence. 
Partial proteolysis work on EcoKJ methylase suggests that the two TRDs are stable 
domains separated by the conserved region which is susceptible to proteolysis 
(Cooper and Dryden, 1994). Only one point mutation within a TRD has been 
described in the literature. The mutation in hsdSK resulted in the change of serine 
340 to phenylalanine producing a r mt5  phenotype and this has been suggested to 
affect subunit assembly of the methylase with the HsdR subunit (Hubacek et al., 
1989; Zinkevich et al., 1990). A second mutation alanine 204 to threonine, in the 
central conserved region, produces a similar phenotype (Zinkevich et al., 1992) and 
these mutations were described as defining a domain important in protein-protein 
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interactions with the HsdR subunit, although when the hsd operon containing the Ser 
340 to Phe mutation was placed on a multicopy plasmid, the temperature-sensitive 
phenotype was not detected, and the mutant appeared not to affect the assembly of 
the whole R-M system (Weiserova et al., 1993). 
Sequence comparisons of members of each of the three families show a short 
repeat that is conserved across families, located within the Argos repeat of the IA 
family (Kannan et al., 1989; Tyndall et al., 1994). Also a short repeat that occurs at 
the start of all TRDs appears to be conserved across families (Kneale, 1994). The IC 
family deletions suggest a symmetrical structure of the folded HsdS subunit, which 
is able to specifically bind to DNA via the TRDs and interact with the other subunits 
of the R-M system, possibly through the conserved repeats. In the full HsdS subunit 
this is only a pseudo-symmetrical structure, as the two TRDs are different producing 
the asymmetric bipartite DNA target (Argos, 1985). This repeated structure has 
made a symmetrical or circular model of the domain organisation in the HsdS 
subunit an attractive view (Wilicock et al., 1994; Kneale, 1994). The mechanism by 
which such large TRDs recognise the short DNA targets is still unclear although 
recent crystallographic work on type II R-M systems may give some clues, see next 
section. 
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Specific DNA recognition 
Introduction 
The interactions between nucleic acids and proteins has been studied in a 
wide variety of different systems. Much of this work has concentrated on the 
specific recognition of a DNA sequence by a protein. The studies have largely 
concerned the interaction of transcriptional control elements with their DNA target 
sequences. An increasing number of protein crystal structures are being published, 
along with many co-crystals of specific and non-specific DNA oligonucleotides. 
The interaction of protein with DNA is a complex process, accomplished in 
biological systems in a variety of ways depending on the requirements of the system. 
In most cases a particular domain within a protein is responsible for recognising 
specific DNA sequences, although other residues within that or another protein may 
contribute energetically to the overall binding. The co-crystal structures give 
valuable information as to the mechanism of action of these proteins, and show the 
plethora of different motifs which proteins use to interact with specific DNA targets 
(for reviews see Schleif, 1988; Steitz, 1990; Freemont et al., 1991; Harrison, 1991; 
Pabo and Sauer, 1992; Nelson, 1995). 
There are certain principles by which all proteins studied appear to follow in 
order to interact with a specific DNA target (see Pabo and Sauer, 1984; Otwinowsky 
et al., 1988). These are firstly the direct readout mechanisms which are achieved 
through hydrogen bonds and electrostatic interactions from the protein backbone and 
side chains to the DNA bases, these specific interactions can be mediated through 
water molecules. Secondly, indirect readout plays an important role in specific DNA 
recognition and is mediated through base pair specific deformations to the 0-form 
DNA structure, recognised by amino acid main and side chain contacts. The specific 
binding of protein to DNA also frequently depends on a high affinity of the protein 
for the DNA in order to bring the DNA binding motifs into the correct orientation on 
the DNA molecule for specific interactions to form, so the non-specific binding of 
these proteins to DNA plays an important role in the formation of the specific 
protein/DNA complex. 
It is not possible here to review all the structural data regarding the binding of 
DNA by proteins, which largely concern transcription factors and more recently 
polymerases, or indeed all the various DNA recognition motifs now being studied. 
It is aimed to give a very brief overview of the few major classes of DNA-binding 
motifs used by proteins to interact with specific DNA target sequences, and to give 
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some indication of the diverse ways in which specificity can be achieved. Most of 
the mutagenesis studies and nuclear magnetic resonance work has been omitted and 
the work from co-crystal X-ray structures is emphasised. 
Helix-Turn-Helix Proteins 
A number of prokaryotic repressors have been well characterised and their 
interaction with DNA studied in detail. It was initially thought that these repressors 
might recognise DNA in a similar way, as these amino acid sequences of these 
proteins were similar, and that a recognition code might be found, where a specific 
highly conserved motif or even particular amino acid(s) in the protein might 
correspond for recognition of a specific base pair (Sauer et al., 1982; Pabo and 
Sauer, 1984; Wharton and Ptashne, 1984). 
Early work on repressor DNA-binding domains initially supported the idea of 
a recognition code, the first Protein/DNA oligonucleotide co-crystal structure 
determined was the repressor molecule from bacteriophage 434 with a 14bp 
oligonucleotide target (Anderson et al., 1985; Anderson et al., 1987). Other proteins 
including the Cyclic AMP receptor protein (CAP) (McKay and Steitz, 1981), X Cro 
repressor (Anderson et al., 1981), and ? CI repressor (Pabo and Lewis, 1982) whose 
structures were known, shared a helix-turn-helix structural DNA binding motif. 
Subsequently the co-crystal structures of these proteins, bound to short 
oligonucleotide targets, were determined (CAP - Steitz, 1990; Schultz et al., 1991. ? 
Cro repressor - Brennan et al., 1990. X CI repressor - Jordan and Pabo, 1988). The 
helix-turn-helix (HTH) motif was shown to have two cc-helices one of which, the 
recognition helix, lies in the major groove of the DNA roughly parallel to the DNA 
backbone, followed by a -tum and the second cc-helix lies across the major groove 
(see figure 1.4a). Most of the characterised HTH proteins bind to the DNA as 
dimers, and recognise symmetrical DNA targets (for reviews see Harrison and 
Aggarwal, 1990; Brennan, 1991; Brennan, 1992). 
27 
Figure 1.4 
Figure 1.4a This figure shows one of the helix-turn-helix (HTH) domains of A. 
repressor binding to one half of the A. operator site. The hydrogen bonds between the 
protein and the DNA are illustrated. The HTH motif consists of helices 2 and 3, 
helix 3 being the recognition helix. This figure is copied from Pabo and Sauer 
(1992). 
Figure 1.4b This figure shows three adjacent zinc fingers from mouse Zif268 
(immediate early) protein bound to the DNA target. Each zinc finger recognises 
three base pairs, for example finger 1 recognises bases 8, 9 and 10 (5' GCG). Each 
zinc finger consists of an a-helix and n-sheet as well as the zinc atom (not shown). 













Figure 1.4c The yeast GCN4 bZIP dimer (yellow) is shown binding to the major 
groove of the DNA (red). The coiled-coil monomers diverge near to the DNA to 
allow adjacent major grooves of the B form DNA to be contacted. The figure is 
copied from Ellenberger et al. (1992). 
Figure 1.4d Residues 10 to 58 of the Met repressor are shown bound to the 
operator site. The DNA is shown as a ball and stick model and the protein as a ribon 
model. The DNA sugar-phosphate backbone is shown filled in black in the ball and 





Ptashne and colleagues were able to replace the recognition helix of phage 
434 Cro protein with that of 434 repressor. This changed the specificity of Cro to 
that of repressor, demonstrating that the recognition helix was sufficient in these 
proteins for determining specificity (Wharton et al., 1984). Later a similar 
experiment used mutagenesis of the bacteriophage 434 ci gene, to change specific 
amino acids in 434 CI repressor recognition helix to match those of P22 repressor. 
This mutant protein recognised the target of P22, showing that the altered residues 
that extended into the major groove of the DNA from the recognition helix were 
sufficient to determine DNA specificity (Wharton and Ptashne, 1986). This 
experiment suggested the possibility that protein-DNA recognition might be 
achieved by residues on one face of a recognition helix making specific hydrogen 
bonds with residues in the major groove of the DNA, and that by altering the 
residues any DNA sequence could be specified. 
It became clear that the interactions made by different HTH proteins to their 
target sequences were not conserved and that both the orientation of the HTH motif 
on the DNA and the interactions of other residues in the proteins were significantly 
different between members of this class of DNA binding proteins (Brennan and 
Matthews, 1989). Different HTH proteins used different protein architecture in 
positioning their recognition helices, for example, it was possible to substitute the 
Lac repressor HTH motif with that of the ? Cro repressor and retain the Lac 
repressor DNA specificity, as these HTH motifs recognise the same DNA target but 
in an inverted orientation (Kolkhof et al., 1992). Not all the specific contacts, even 
for the simple prokaryotic HTH proteins are made from the amino acid side chains in 
the recognition helix, for example in the X CI repressor (Clarke et al., 1991). The 
E.coli tryptophan repressor (Trp) is normally inactive and has a more flexible 
structure, which when bound by tryptophan switches the HTH structure into an 
active conformation for specific DNA recognition (Otwinowsky et al., 1988). Also 
the engrailed homeodomain from Drosophila appears to use a HTH motif in specific 
DNA recognition, this can be structurally superimposed on ? Cl repressor HTH 
motif with less than IA deviation, although the helices are longer in the Drosophila 
protein (Kissinger et al., 1990). Earlier work on the Drosophila antennapedia 
homeodomain protein (Otting et al., 1990) and a more recent study on yeast Mat a2 
homeodomain protein (Wolberger et al., 1991) shows that these, too, contained a 
HTH motif. Unlike the prokaryotic HTH domains, the isolated homeodomain is a 
stable folded peptide able to bind to its target sequence (Sauer et al., 1988), 
illustrating one group of variants on the original HTH motif. 
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Numerous other variants are now being discovered including the helix-loop-
helix class of proteins, such as the eukaryotic transcription factors Max (Ferré-
D'Amaré, 1993), MyoD (Ma et al., 1994) and E47 (Ellenberger et al., 1994) and the 
winged helix group of proteins as found in HNF-3 transcription factor (Clark et al., 
1993) and heat shock transcription factor (Harrison et al., 1994). Also a protein has 
been found with two HTH motifs tethered together, in the Oct-i POU homeodomain 
protein, another eukaryotic transcription factor (Klemm et al., 1994; Wright, 1994). 
Clearly the HTH motif is an important DNA recognition motif used by a wide 
variety of species, and can be adapted to suit the DNA binding requirements of the 
system. 
Other cc-helix DNA binding motifs 
As more crystal and co-crystal structures of .  DNA binding proteins were 
determined it became clear that motifs other than the HTH were used by proteins for 
DNA recognition. Although many of these motifs shared with the HTH proteins the 
structural feature of using ot-helices in their interaction with the major groove of the 
DNA. 
Zinc-binding proteins 
Zinc stabilised DNA binding motifs are now another major class of DNA 
recognition domains. These have been divided into three sub-classes. First, the so-
called zinc-finger motif, identified initially in Xenopus transcription factor lilA, 
appears to represent a large class of eukaryotic transcription factors which have the 
consensus Cys-(X)4-Cys-(X)12-His-(X)35-His (where X is any amino acid). The 
structure contains an a-helix followed by an antiparallel 3-sheet (Berg et al., 1988) 
evident in the co-crystal structure determined for the mouse protein Zif268 
(Pavietich and Pabo, 1991) see figure 1.4b. In many proteins this motif is repeated 
several times in direct succession. Each finger binds to the major groove of the 
DNA contacting three base pairs and phosphates of the DNA from the amino acid 
side chains (for reviews see Evans and Hollenberg, 1988; Kievit, 1991; 
Schmiedeskamp and Klevit, 1994; Suzuki et al., 1994). Using mutagenesis to alter 
the arrangement of zinc-fingers within a protein it has been possible to design 
proteins that recognise predicted DNA targets (Nardelli et al., 1991; Desjarlais and 
Berg, 1993). 
The second sub-class of zinc DNA binding motifs has been characterised, for 
the steroid receptors (see Schwabe and Rhodes, 1991). This motif has two a-helices 
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that are perpendicular to each other, with hydrophobic interactions connecting them, 
and two loops, one at the N-terminus of the first helix and a second connecting the 
C-terminus of the first helix to the N-terminus of the second. Two zinc atoms 
stabilise the structure, binding to the N-terminus of each helix and neighbouring 
loop residues (Swabe et al., 1990; Luisi et al., 1991). One of these proteins, 
glucocorticoid receptor, has been shown to bind to DNA as a dimer and specific 
DNA contacts are made from the side chains of the first helix in this motif into the 
major groove (Luisi et al., 1991). 
The third class of zinc-binding proteins are found in the yeast transcriptional 
activators, sometimes referred to as the zinc cluster motifs. Yeast Ga14 being the 
best characterised member of this class (Marmorstein et al., 1992). This protein 
binds to its target as a dimer, the DNA recognition domains, at the N-terminus of the 
protein, bind in the major groove of the DNA and have two short a-helices, each 
monomer is stabilised by a zinc atom. Specific interactions are mediated from side 
chains of amino acids at the base of one of the a-helices into the major groove of the 
DNA. 
Basic Leucine zipper motifs 
The "basic region leucine zipper" proteins (bZIP) are another class of 
proteins which use a-helices to bind DNA. The leucine zippers themselves are 
coiled-coil helical regions of the protein involved in dimerisation, and can be found 
in other classes proteins, including the helix-loop-helix DNA-binding proteins(see 
Ellenberger, 1994), the basic region is involved in specifically recognising the bases 
(see Kerppola and Curran, 1991): Yeast GCN4 transcriptional activator contains a 
bZIP DNA binding motif and the co-crystal structure of the DNA binding domain 
has been determined (Ellenberger et al., 1992). The whole motif forms a single (X-
helix which in the dimer forms a coiled-coil dimerisation interface at the C-terminus 
of the long helices (see figure 1.4c). The basic regions of the helices (at their N-
termini) lie across successive faces of the major groove on opposite sides of the 
DNA helix, making specific contacts to the bases and to the DNA backbone. 
n-sheet motifs 
All the DNA recognition motifs discussed so far use a-helices, or residues 
adjacent to them, to specify the DNA sequence recognised. A group of proteins 
including the E.coli MetJ repressor and phage P22 Arc repressor use a-sheet to 
interact directly with the DNA (Raumann etal., 1994). The crystal structure of MetJ 
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showed that it did not appear to use a HTH motif in DNA recognition, an N-terminal 
extended chain is followed by a n-strand, which in the active dimeric form of the 
protein joins the second n-strand to form an anti-parallel a-sheet (Rafferty et al., 
1989). Packed directly behind the n-sheet are four cc-helices, two of three helices 
from each monomer, which stabilise the structure. In the co-crystal structure the 13 -
sheet is inserted into the major groove of the DNA making direct contacts with the 
base pairs via the amino acid side chains (Somers and Phillips, 1992) see figure 1.4d. 
It appears that arrays of Met! tetramers bind to long operator sequences to form a 
superhelix structure on the DNA (Phillips et al., 1989). 
The bacteriophage P22 Arc repressor amino acid sequence is similar to MetJ 
and Arc also forms an antiparallel 13-sheet with a 13-strand from each monomer, 
which makes base specific contacts with in the major groove of the DNA. Unlike 
Met!, Arc recognises an asymmetric DNA target site, and there are significant 
structural changes in the 13-strands on binding to DNA, bringing side chains into 
positions for making the specific contacts (Raumann et al., 1994). 
DNA minor groove interactions 
The specific binding of protein to DNA has largely been observed to involve 
protein-major groove or protein-DNA backbone bonds, minor groove interactions 
are often overlooked. As more co-crystal structures are solved it is becoming 
evident that the minor groove interactions can play a major role in specific 
recognition. 
The co-crystal structures of the TATA box binding proteins (TBP) from yeast 
and Arabidopsis, show that these proteins bind in the minor groove of the DNA 
(Kim et al., 1993a; Kim et al., 1993b respectively). The TBP proteins contact the 
DNA through 13-sheets that form a concave surface that faces the minor groove. The 
E.coli purine repressor PurE, while using a HTH motif to recognise its target via the 
major groove also uses two cx-helices to recognise bases in the minor groove 
(Schumacher et al., 1994). Interestingly these proteins use amino acid side chains to 
intercalate between bases in the DNA helix to "wedge" open the minor groove, 
phenylalanines for TBP and leucines for PurR. This produces a large kinking in the 
DNA backbone and a partial unwinding of the helix, opening up the minor groove. 
These two examples illustrate that specific DNA recognition can be achieved 
through minor groove interactions. In general protein domains which confer DNA 
specificity seem to use the more accessible major groove which contains more 
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charged groups per base for specific recognition, using minor groove recognition as 
a suplementary but inferior method of DNA recognition. 
Indirect Readout in specific DNA recognition 
The conformation that a particular DNA sequence can adopt seems to be 
important in its specific recognition by proteins. Bending of the DNA has been seen 
in many of the HTH-binding studies, most notably for the E.coli CAP/DNA 
complex, where the DNA is bent by 900  (Schultz et al., 1991). The minor groove 
binding protein TBP also binds to a deformed DNA structure (Kim et al., 1993a; 
Kim et al., 1993b). The sequence of the DNA is known to affect its flexibility and 
for a number of proteins the contacts between protein and DNA can only form when 
the DNA is in a preferred deformed structure (see Travers, 1991). However, it is 
difficult to assess the energetic role of this deformation, clearly there must be some 
energetic cost to deforming DNA from its normal 3-form structure, this could be 
stabilised by the formation of the specific bonds between the protein and the 
deformed DNA. Many proteins distort the DNA in order to make the charged 
groups on the bases more accessible to the DNA recognition domain, but this is not 
strictly indirect readout. The normal fluctuations of DNA and protein structure in 
vivo would be enough to rapidly overcome this energy barrier. There are no 
examples of distorted DNA structure being the sole determinant for recognition of a 
specific DNA sequence, and it appears that DNA conformation acts as a 
complementary mechanism to direct readout, for specific DNA recognition. The 
type II restriction enzymes discussed later, give some insight into how deformation 
of the DNA influences binding. 
Type II restriction and modification systems 
The DNA recognition domains which may be of most relevance to type I R-
M systems are, naturally, other restriction and modification systems. To date several 
type II restriction endonucleases and methylases have been crystallised and their 
structures determined, along with their co-crystals bound to a short DNA substrates. 
For certain enzymes, such as R.EcoRI and R.EcoRV, there is a large amount of 
mutational and crystallographic information which helps explain how DNA 
recognition is achieved. The methylase structures, most notably M.HhaI, show a 
novel DNA structural deformation allowing the methylation of the DNA base. 
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EcoRl endonuclease 
R.EcoRI is one of the most extensively studied endonucleases, which like 
other type II restriction enzymes acts as a dimer cleaving the palindromic sequence 
5' GAATTC, except when blocked by methylation at N6-adenine of either or both of 
the two central adenines. The original (3A resolution) co-crystal structure of 
R.EcoRJ bound to DNA (McClarin et al., 1986; Frederick et al., 1984) has been 
significantly revised (Kim et al., 1990; Rosenberg, 1991). The present co-crystal 
structure clearly shows the amino acids that interact with the DNA target and backs 
up a wealth of mutational and in vitro work with R.EcoRI. Each monomer of 
R.EcoRI has an extended amino acid chain and two a-helices ("inner" and "outer") 
all of which are involved in making sequence specific contacts with the DNA target. 
The two a-helices are roughly parallel to the DNA backbone and the N-termini of 
the four a-helices in the dimeric endonuclease are positioned within the major 
groove. These a-helices are in a conformation similar to the helix-loop-helix class 
of proteins discussed earlier (Halazonetis and Kandil, 1992). The DNA in the co-
crystal is underwound by 28°. This opens up both grooves of the DNA, although all 
specific DNA contacts are through the major groove which is widened by 3.5A. All 
the bases on both strands of the hexameric target appear to be contacted by the 
dimeric endonuclease. The protein recognises its cognate DNA target by a 
combination of direct side chain-base hydrogen bonds, backbone-base hydrogen 
bonds, side chain-water-base hydrogen bonds and Van de Waals interactions. A 
schematic diagram of the interactions is shown, see figure 1.5. The DNA is kinked 
at the central 5' ApT of the hexameric target which in turn affects the stacking of the 
bases in this region. The energetic cost of kinking the DNA is partially compensated 
for by hydrogen bonds from the outer adenines to both opposite thymines. Lesser 
and Jen-Jacobsen have done extensive work with non-cognate and base analogue 
substituted oligonucleotide targets and have shown the energetic importance of the 
various interactions involved in R.EcoPJ-DNA recognition demonstrating that DNA 
distortion, specific hydrogen bonds and critical amino acid residues which stabilise 
the protein all play important thermodynamic roles in the co-operative binding to the 
cognate DNA target (Lesser et al., 1990; Lesser et al., 1993). This work implies that 
the specificity of the enzyme can largely be accounted for by the energetic 
contributions of direct readout between the dimeric protein and its specific target 
site. The important amino acids that contribute to specificity are illustrated by work 
with a synthetic dodecapeptide able to specifically bind to the hexameric target site 
(Jeltsch, 1995). This peptide comprised ten of the amino acids from Asp 135 to Arg 
145 inclusive (Leu 136 was substituted with Gly, and a Trp residue was added to the 
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Figure 1.5 Specific interactions betwenn R.EcoRI 
monomer and the DNA target 
The data shown below is taken from Rosenberg (1991), based upon the 
revised R.EcoR-DNA crystallographic data of Kim et al. (1990). The 
specific interactions between an R.EcoRI monomer and the DNA target 
are listed alongside the target bases. Main chain interactions are also 
listed. 
REcoPJ DNA target 5' GAATTC 3' 
Base pair 	 Interaction 
Outer G-C base pair 
G 	water mediated hydrogen bond from Arg200 and Arg203 
C 	hydrogen bond from main chain of Ala 138 
van de Waals interaction from Met 137 and Ile 138 
Outer A-T base pair 
A 	hydrogen bond from Arg145 
hydrogen bond from Asn141 
hydrogen bond from Asnl4l 
three-center hydrogen bond with both thymines 
T 	van der Waals interaction with G1y340 and adjacent thymine 
Inner A-T base pair 
A 	hydrogen bond from Arg 145 
hydrogen bond from Asn 141 
T 	hydrogen bond from main-chain of A1a142 
van de Waals interaction with Ala 142, Glnl 15 and 
adjacent thymine 
N terminus). This synthetic peptide comprises part of the extended chain and part of 
the recognition helix. The experiments suggest that the base specific contacts made 
by this region of R.EcoRI (residues 135 to 145) determine the DNA specificity and 
that the phosphate group interactions from other regions of the protein serve to 
increase binding affinity. Although mutagenesis of R.EcoRI that alter Glu 144 and 
Arg 145 reduce, but do not abolish restriction activity (Heitman and Model, 1990; 
Hager et al., 1990), suggesting that these residues are not all critical in specific 
R.EcoRI-DNA recognition. 
The recent crystal structure of R.BamHI shows a similar secondary structure 
arrangement to that of R.EcoRI, at least for a core region of the protein (Newman et 
al., 1994). The DNA interactions of R.BamHI are again achieved by a four helix 
bundel interacting with bases in the major groove as in R.EcoRI. However R.BamHI 
does not have the extended chain region and the DNA appears to be barely distorted 
in the co-crystal structure (reported in Arggarwal, 1995; preliminary report of co-
crystal data in Strzelecha et al., 1994). This suggests that the energetic determinants 
of DNA binding may be different for R.BamHI compared to R.EcoRI, despite the 
targets of these two enzymes being simillar, R.BamHI cleaves the sequence 5' 
GGATCC compared to R.EcoRI which cleaves 5' GAATTC. 
EcoRV endonuclease 
Extensive studies on the R.EcoRV enzyme have shown the unusual way in 
which this enzyme specifically cleaves its DNA target - 5' GATATC. It was 
something of a surprise to find that the purified enzyme bound equally well to non-
specific DNA as to its specific target in the absence of Mg 2 , although cleavage 
occurs preferentially at the cognate target site (Taylor et al., 1991). The crystal 
structure is different from R.EcoRI although arrangement of catalytic residues may 
be similar and may represent a common mechanism of Mg 2 +...dependent DNA 
cleavage (Winkler et.al., 1993). The sequence of R.EcoRV shows no similarity to 
other proteins in the database. 
The numerous crystal structures of R.EcoRV and mutants of the enzyme, 
with and without cognate and non-cognate DNA oligonucleotides, along with kinetic 
data have allowed the elegant dissection of the mechanism of cleavage. Unlike 
R.EcoRI it appears that R.EcoRV requires two Mg 2 ions at the active site for 
phosphodiester bond hydrolysis (see Baldwin et al., 1995; Kostrewa and Winkler, 
1995; Vipond et al., 1995). Studies on binding of R.EcoRV to DNA show that it 
appears to bind DNA at random but only cleaves at its specific site followed by 
39 
linear diffusion along the DNA, in the presence of Mg 2 . The protein can bind to 
non-specific DNA sequences and a non-specific co-crystal shows that while the 
enzyme binds the DNA, it does not distort it to a great extent, leaving it in f-form. 
In the specific co-crystal the DNA is bent by approximately 500  from its vertical axis 
when Mg2  is present, and only in this distorted conformation does the DNA 
become a substrate for cleavage. In the cognate co-crystal structure, the DNA lies in 
a large cleft formed between the two monomers and a -turn from each subunit lies 
in the major groove (the R loop, residues 182 to 187) making hydrogen-bond 
contacts with the target bases (Winkler et.al., 1993; see Vipond and Halford, 1993). 
The central two bases, 5' TpA, in the target are not contacted directly by the protein, 
however, these residues are not degenerate and so it has been suggested that only 
TpA allows the DNA to adopt the bent conformation when bound to the enzyme 
with Mg2 . The minor groove is contacted by a separate loop (the Q loop, residues 
68 to 71) which is principally involved in contacting phosphates of the DNA 
backbone (Winkler et.al., 1993) See figure 1.6. When the target is in its methylated 
state, the methyl groups are predicted to sterically inhibit the binding by the R loop 
in the major groove. 
The specificity of R.EcoRV is clearly heavily dependent upon the 
conformation that its DNA target can adopt, it had been noted that a non-cognate 
DNA target site in the vector pAT 153 was cut with high concentrations of enzyme 
(Luke et al., 1987; Taylor and Halford, 1989). This site 5' GTTATC occurs several 
times in pAT 153 but only one site is particularly susceptible to cleavage. It was 
found that the flanking sequences (4bp each side of the target) were important in this 
case, and that flanking alternative purine/pyrimidine bases may give this non-
cognate site greater flexibility allowing it to adopt a conformation suitable for 
cleavage by R.EcoRV (Taylor and Halford, 1989), neighbouring bases have been 
shown to alter the DNA flexibility in oligonucleotide crystal structures (Yanagi et 
al., 1991). 
The recent crystal and co-crystal structures of R.PvuII and its cognate target 
(5' CAGCTG) show that this endonuclease has a similar structure to R.EcoRV 
particularly in the catalytic region of the protein (Athanasiadis et al., 1994; Cheng et 
al., 1994). Unlike R.EcoRV, R.PvuII uses two anti-parallel 13-strands from each 
monomer to form a 13-sheet which interacts specifically with DNA in the major 
groove, as well as a loop which has water mediated contacts to the minor groove, 
and the DNA appears to remain mainly in 13-form (Cheng et al., 1994). This 
illustrates that while these two restriction enzymes share a core catalytic domain 
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Figure 1.6 
Figure 1.6 	Copied from Winkler et al. (1993). 
The ribbon diagram of R.EcoRV shows the monomer structure with the R 
and Q loops that interact with the DNA indicated. The carboxy (C) and amino (N) 
termini are also marked. 
The dimer structure is shown with the cognate DNA target bound (stick 
model). The R and Q loops both can be seen in close proximity to the DNA. The 
small black circles towards the bottom of the DNA structure indicate the 







structure and they both approach DNA from the minor groove side, possibly because 
they both cleave DNA to produce blunt ends, their recognition motifs are very 
different. R.EcoRI and R.BamHT both approach DNA from the major groove side 
and both cleave the DNA to produce four base 5' overhangs (see Aggarwal, 1995) 
suggesting that for the type H restriction enzymes the conservation of structure may 
represent a common cleavage mechanism, but a number of different motifs are used 
to specifically recognise the DNA. Indirect readout can play a pivotal role in 
determining specificity, but as can be seen with R.BamHI and R.PvuII is not 
essential for the DNA specificity of type II restriction enzymes. 
HhaI methylase 
The M.HhaI enzyme is a site specific C5-cytosine methylase, that methylates 
the second base in the sequence 5' GCGC, and like other type II methyltransferases 
HhaI acts on the DNA as a monomer. Comparison of type II methylases amino acid 
sequences identifies conserved regions presumed to be involved in catalysis and a 
large variable region shown to determine DNA specificity of the methylase (Lauster 
et al., 1989). 
M.HhaI was the first methylase to be crystallised and remains the only 
methylase to have structures solved with both DNA and the methyl donor AdoMet 
(Cheng et al., 1993; Klimasauskas et al., 1994). The most striking feature of the 
structure is the rotation of the cytosine base, the substrate for methylation, 1800  out 
of the DNA helix into an active site pocket in the protein bringing it into close 
proximity to AdoMet (for reviews see Patel, 1994; Phillips, 1994; Suck, 1994 
Verdine, 1994; Winkler, 1994). Despite this large deformation of a single base and 
its neighbouring phosphates the remaining DNA is largely in the normal 0-form 
structure. The variable region forms a separate small domain in the protein and the 
DNA binds in a cleft between this recognition domain and the catalytic domain (see 
figure 1.7). Specific base interactions are made with the substrate cytosine by the 
catalytic domain, particularly a mobile active site loop, in which the catalytic 
nucleophile residue cysteine 81 makes a covalent attachment to the cytosine. The 
residues involved in interacting with the substrate cytosine are located in the large 
catalytic domain of the protein and are highly conserved in C5-cytosine methylases 
of different specificities and therefore seem likely to be involved solely in 
recognising the substrate cytosine and in its deformation and subsequent 
methylation. Recent experiments using oligonucleotides containing a mismatched 
M.HhaI target site (where the substrate cytosine is replaced by each of the three 
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other bases or uracil) demonstrate that non-cognate targets bind even tighter than the 
cognate target in in vitro binding (Klimasauskas and Roberts, 1995). Also in the 
mismatched oligonucleotide containing a guanine:uracil base pair, methylation of the 
uracil is seen, this work suggests that the active site loop plays very little role in 
specific DNA target recognition even for the substrate base. 
The other base-specific interactions are made from the small domain, which 
is composed of mostly f3-strands, through two glycine rich loops on the surface of 
the protein (see figure 1.7). Both of these loops interact with the major groove of the 
DNA contacting all the bases in the DNA target except for the first two cytosines, 
one of which is the base that is rotated out into the active site pocket for methylation. 
The first loop (233 to 240: Gly-Lys-Gly-Gly-Gln-Gly-Glu-Arg) makes six specific 
DNA contacts, notably Gln 237 moves in to fill the space in the DNA where the 
substrate cytosine has left (Ser 237 from the catalytic domain also partially fills this 
space) and forms three hydrogen bonds with the un-paired guanine base 
(Klimasauskas et al., 1994). The finding that Gin 237 can be changed to each of the 
other 19 amino acids without complete loss of specific methyltransferase activity 
(Mi et al., 1995), implies that this amino acid is not essential for determining 
specificity, but rather plays a role stabilising the overall complex, indeed it appears 
that the M.HhaI binds with greater affinity to targets containing a guanine:thymine 
or guanine:uracil mismatches (Yang et al., 1995). The second loop (250 to 257: 
Thr-Lys-Ser-Ala-Tyr-Gly-Gly-Gly) is divided into two parts the first four amino 
acids run parallel to the helix backbone and after a n-turn the second four amino 
acids cross the major groove at the 3' end of the target. This second loop makes 
three specific hydrogen bonds to the DNA target. The difference between the 
M.HhaI crystal structure and the co-crystal with DNA highlights the structural 
changes that occur when DNA binds to the protein, the loops are shifted 
approximately 3A in the co-crystal structure compared to the methylase alone, 
moving them closer to the DNA major groove. 
The crystal structure of M.TaqI, a type II N6-adenine methylase, has recently 
been published and this shows a conserved catalytic domain structure with M.HhaI 
(Labahn et al., 1994). The crystal structure of a catechol 0-methyltransferase 
(Vidgren et al., 1994) is also similar, suggesting a common mechanism of 
methylation (Schluckebier et al., 1995; Cheng, 1995). It is clear that M.TaqI could 
"flip out" the adenine from the DNA helix into an active site pocket (as seen for 
M.HhaI and cytosine), however, in the absence of a co-crystal structure this has yet 
to be observed. The DNA recogntion domain of M.TaqI is rotated in relation to the 
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Figure 1.7 M.HhaI bound to its cognate DNA target 
The figure opposite shows two representations of the M.HhaI methyltransferase 
bound to a cognate 13-mer DNA duplex. The DNA backbone is magneta, the bases 
are green, the protein is mostly brown with the exception of the active site loop and 
the recognition loops which are white. The yellow molecule is AdoHyc which along 
with the DNA is in a space-filling representation compared to the ribbon 
representation of the protein, This figure is copied from Klimasauskas et al. (1994). 
A 	This view looks down the DNA helix, the domain on the right is the catalytic 
domain with the active site loop extending into the DNA. The smaller domain on 
the bottom-left is the recognition domain with the recognition loops extending into 
the DNA. 
B 	The view is from the side, the catalytic domain to the right of the DNA helix 
with the active site loop extending into the DNA to fill the space left by the "flipped-
out". The recognition domain is behind the DNA with the recgontion loops 
extending into the major groove. 
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Figure 17 
catalytic domain by 900,  compared to the orientation of the two domains in M.HhaI 
and there are two prominent loops extending from the recognition domain into the 
DNA-binding cleft which could serve the same role as the two DNA-recognition 
loops in M.HhaI. But there is no overall sequence or structural similarity between 
the DNA recognition domains of M.HhaI and M.TaqI. 
Alignment of the amino acid sequence of the type I EcoKJ HsdM subunit and 
that of M.TaqI shows that the conserved methylase catalytic core region is present in 
the type I enzyme, this has enabled the conserved region of EcoKi HsdM to be 
modelled into the structure of M.TaqI (Dryden et al., 1995) implying that the type I 
methylases may also use the "base-flipping" mechanism of methylation seen in 
M.HhaI. If type I enzymes do share a common methylase catalytic core with other 
methylases, then it is tempting to speculate that the TRDs from the type I HsdS 
subunits occupy the equivalent space to the recogntion domains of M.HhaI. In type 
I methylases there are two HsdM subunits so the structure could be compared to two 
type II methylases molecules approximately lObp apart on the DNA helix (Dryden et 
al., 1995), each of the two TRDs from HsdS putatively filling the role of the 
recognition domains. Although the structure of type I methylases has to 
accommodate interaction with the HsdR subunit and so the specific DNA 
recognition may be rather more complex. 
The experiments discussed in chapters 3, 4 and 5 address the question of how 
the HsdS subunits of the type I R-M systems determine DNA specificity. The work 
is particularly concerned with identifying, using a comparative approach, amino 
acids within the TRDs which may be involved in DNA recognition. 
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CHAPTER 2 
MATERIALS AND METHODS 
MATERIALS AND METHODS 
1. Bacterial Strains 
Strain Relevant features Reference/Source 
BL21 (DE3) hsdSB (XDE3) Studier and Moffat (1986) 
Studier et al. (1990) 
C600 hsdK Appleyard (1954) 
L4002 hsdSPI genes in Bullas and Colson (1975) 
E.coliK-12 
BMH71-18 (lac-pro)i hsdK/ Gronenborn et al. (1976) 
F'(lacZ)AM15 laclq 
NM522 (hsdMS)A5 derivative Gough and Murray (1983) 
of BMH71-18 
WA2899 hsdA genes in Arber and Wauters-Willems 
E.coliK-12 (1970) 
NM555 (hsdMSA)A2 derivative Fuller-Pace etal. (1985) 
of WA2899 
NM679 hsd RMS A King and Murray (1995) 
NM720 (hsdMS)E5 mutD N.E. Murray 
NM779 hsdMSAA2 in N.E. Murray 
BMH71-18 IF' 
NM782 hsdA hsdK derivative N.E. Murray 
of NM522 
NM789 (hsdS )BamL of NM782 N.E. Murray 
EH55 asnlF tetr Hansen et al. (1984) 
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2. ECOR bacterial strains 
The ECOR collection of 72 wild-type E.coli 	strains were collected by 
Ochman and Selander (1984). The strains used are listed below with their original 
designation. 














3. Phage Strains 
Phage Relevent Features Source/Reference 
NM63 Xc126 N.E. Murray 
NM62 ?i434 c N.E. Murray 
NM220 Xh80  c126 N.E. Murray 
NM1249 c1857 derivative of N.E. Murray 
EMBL3 ik att 
PT1O NM1249 with Sail insert this work 
hSdMSA from pFFP31 
PT11 PT10iBam this work 
PT12 hybrid EcoR171'EcoAI this work 
hsd derivative of PT1 1 
PT15 (hsdS )zBam of PT12 this work 
M13mp18 vector for cloning Yanisch-Peron et al. (1985) 
Phage Features / Source 
M13-Tl to T33 M13mp18 with TaqI DNA fragments from pBR322 cloned in 
the polycloning site (see table 5.2). From N.E. Murray. 
M13-L3 to 30 M13mp18 with TaqI DNA fragments from pBR322 cloned in 
the polycloning site (see table 5.2). From N.E. Murray. 
pPT30 M13 derivative containing a short DNA sequence within the 
polycloning site with the predicted target sequence for the 
EcoRl7JJEcoAI hybrid methylase. From this work. 
pPT32 Ml 3 derivative containing a short DNA sequence as in pPT30' 
but with the predicted target sequence changed by one base 
pair. From this work. 
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4. Oligonucleotides 
All oligonucleotides were made by and purchased from Oswell DNA Service 
at Edinburgh University, current address Medical and Biological Science Building, 
University of Southampton. (R=A or G; K=G or T). 
Oligonucleotide name 
	










































Amp', T etr 
	
Bolivar et al. (1977) 
cloning vector 
	 Messing and Vieira (1982) 
hSdMSA in pBR322 	Fuller-Pace et al. (1985) 
overexpression vector with Fürste et al. (1986) 
tac promoter 
overexpression vector with Tabor and Richardson (1985) 
T7 gene 10 promoter 	Tabor (1990) 
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ptacHpall Hepatitis B core antigen! Stahl and Murray (1989) 
-ga1actosidase fusion gene. 
pUES6 hSdMSK in pUC18 Mary O'Neill 
pHT5 BamBI-Sall fragment of Helena Thomaides 
? DNAreplacing 5' variable 
region of pUES6 
pHT7 hybrid ECOR23IEcoK1 Helena Thomaides 
methylase genes 
pPT2 hsdSK 5' variable region A this work 
pPT3 hsdSK in pUC18 this work 
pPT4 hsdSK in pJF118HE this work 
pPT5 hsdSK in pT7-5 this work 
pPT8 HIBcAg/hsdS fusion gene this work 
pPT20 hSdMSA genes in pBR322- this work 
Bam 
pPT22 hsd BamA of pPT20 this work 
pPT25 hybrid EcoR1711EcoAI this work 
methylase genes 
pPT31 hybrid EcoRl3IJEcoKJ this work 
methylase genes 
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6. Computer Software 
A basic description of the sequence analysis software used, is given below. 
6.1 GENEJOCKEY II Sequence Processor is a commercial DNA and 
peptide analysis software package distributed by Biosoft, which was used to enter 
DNA sequence data and for basic sequence comparisons. Most of the subsequent 
sequence analysis was done with the University of Wisconsin Genetics Computer 
Group (UWGCG) software. 
6.2 GENEMARK uses a codon preference table assigned for a given species 
to assess the probability that any given open reading frame is used, the two species 
specific codon preference tables used were the "ecoli" (for native E.coli genes) and 
the "ecophage" (for E.coli horizontally transferred genes) tables. The program is 
designed to find genes, particularly within bacterial genomes (Borodovsky et al., 
1994). Sequences are sent to "genmark @ford. gatech. edu " (Borodovsky et al., 
1993). 
6.3 PREDICTPROTEIN uses both the MaxHom sequence alignment 
program and the PHD secondary structure prediction program to give an alignment 
of similar sequences and there predicted secondary structure. Sequences are sent to 
"predictprotein@EMBL-Heidelberg.de " (Rost and Sander, 1993a; Rost and Sander, 
1993b; Rost and Sander, 1994). 
All the following are UWGCG versions 7 and 8 software. See Program 
Manual for the Wisconsin Package, Version 8, September 1994, Genetics Computer 
Group, 575 Science Drive, Madison, Wisconsin, USA 53711. 
6.4 FASTA uses the method of Pearson and Lipman (1988) to search a 
database for similarities to a query sequence. Initially the program looks for short 
regions of identity of a given length (typically two residues for a protein sequence), 
these are then further analysed to take into account similarity rather than identity, the 
program then attempts to join the best regions of similarity and the best of these are 
aligned with the query sequence. 
6.5 FINDPATTERNS was used to identify short motifs within larger 
sequences. Ambiguities and mismatches can also be incorporated into the search. 
6.6 ISOELECTRIC gives the charge on a protein as a function of pH, and 
more specifically the p1 (the pH at which the overall charge is zero). The positively 
charged residues (Arg. His. And protonated Lys) and negatively charged residues 
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(Asp. Glu. Cys. And deprotonated Tyr.) as well as the amino and carboxyl termini 
are taken into account at a given pH. All residues are assumed to contribute to the p1 
of the protein, which for a folded protein is unlikely as intra-peptide residue 
electrostatic interactions may perturb the effects of those residues, most likely those 
residues buried with the protein structure. 
6.7 PILEUP aligns multiple sequences using the progressive method of Feng 
and Doolittle (1987). The sequences are first ordered to find the most similar ones, 
then the two most similar sequences are aligned. Further sequences are aligned to 
the first two, in order of decreasing similarity. The PRETTY program was used to 
illustrate particular similarities or differences within a multiple sequence alignment. 
All conserved or identical amino acids were placed in upper-case text and others in 
lower-case text. Three groups of amino acids are defined as conserved by this 
program:- i) Isoleucine and Valine; ii) Phenylalanine, Leucine, Tyrosine, 
Methionine, and Tryptophan; iii) Glutamic acid and Aspartic acid. The alignments 
were then transferred to a text editor and asterisks placed above identical residues 
and plus signs (+) above conserved residues defined by the pileup program. 
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Enzymes and Chemicals 
Restriction enzymes were supplied by Boehringer Mannheim (UK) Ltd, 
Bethseda Research Laboratories (UK) Ltd, Northumbria Biologicals Ltd or New 
England Biolabs. 
DNA polymerase was a gift from Dr. Duncan Clark. 
Basic laboratory chemicals were supplied by Fisons Scientific Equipment, 
Sigma Chemical Company, or BDH Chemicals Ltd unless otherwise stated. 
Ampicillin (Penbritin) was from Beecham Pharmaceuticals. 
Rifampicin AMP was from Sigma. 
Acrylamide solutions were from Northumbria Biologicals Ltd. 
Low melting point agarose, ethidium bromide, bromophenol blue, Ficoll, and 
lysozyme were all purchased from Sigma Chemical Company. Agarose was 
supplied by Miles Laboratory Ltd and Flowgen Instruments Limited. 
3-mercaptoethanol, Isopropyl-3-D-thiogalactoside (X-Gal), vitamin B 1, were 
supplied by Boehringer Mannheim (UK) Ltd. 
Radiolabelled compounds ([a -35 S]dATP and [methyl- 3H]AdoMet) were 
from Amersham International. 
Media 
All media was sterilised by autoclaving at 1 51b/in 2 for 15 minutes. 
Luria Broth: (L-broth) lOg Difco Bacto tryptone, 5g Difco Bacto yeast 
extract, 5g NaCl, distilled water to 1 litre, pH adjusted to 7.2 with NaOH. 
L-agar: 15g Difco agar was included in L-broth 
BBL-agar: Baltimore Biological Labs. lOg Trypticase, 5g NaCl, lOg Difco 
agar, distilled water to 1 litre. 
BBL-top Agar. As for BBL-agar but 6.5g Difco agar per litre. 
2x TY Broth. lOg NaCl, lOg Difco Bacto yeast extract, 16g Difco Bacto 
tryptone, distilled water to 1 litre. 
Minimal Agar. 4g Difco Agar, distilled water to 300nil. After autoclaving 
the following were added to the liquid agar: 0.1 ml of 2mg/mi Vitamin B 1, 80ml 5x 
Spizizen salts, and 4m1 20% w/v glucose. 
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5x Spizizen Salts. lOg (NH4)2SO4, 70g K2HPO4, 30g KH2PO4, 30g 
Na3C6H5072H20, ig MgS047H20, were made up to 1 litre with distilled water. 
H20 Top Agar. Oxoid agar No.3 (0.6g), distilled water to lOOmi. 
Phage Buffer. 3g K2HPO4, 7g KH2PO4, 5g NaCl, imi of 100mM 
MgS047H20, lOmi of 100mM CaC12, imi of 1% w/v gelatine, were made up to 1 
litre with distilled water. 
SOC Buffer. 1.8m1 20% glucose, imi of 1M MgSO4, and lml of 1M M902, 
was added to lOOmi L-broth. 
LTB Buffer. 2m1 1M Tris pH 7.5, imI 2M NaCl, and lml 1M MgCl2  were 
made up to lOOmi with water and autoclaved. 
M9 media. 250m1 4x M9 salts, imI of 1M MgSO4, made up to 1 litre with 
distilled water. 
9. Standard Solutions 
Antibiotics: Ampicillin stock solution made up in sterile water to 100mg/mi 
and used at a final concentration of lOOp.g/ml. Chloramphenicol stock solution 
made up in ethanol to 20mg/mi and used at a final concentration of 159g/ml. 
Ethidium Bromide: Stock of 10mg/mi in water stored in dark at 4 0C. 
Tris: If the pH of a Tris solution is given, then in all cases concentrated HCl 
or NaOH was used to adjust the pH. 
20x TBE Buffer: 1.78M Tris, 1.78M boric acid, 50mM EDTA. 
20x SSC: 3M NaCl, 300mM tn-sodium citrate, (pH 7 with NaOH). 
TE Buffer: 10mM Tris (pH 7.5), 1mM EDTA. 
Lysis Solution: 25mM Tris (pH 8.0); lOmivi EDTA; 1% w/v Glucose. 
Alkaline SDS: 1% w/v SDS; 200mM NaOH. 
Cell Storage Buffer: 12.6g K2HPO4, 3.6g KH2PO4, 0.189 MgSO4, 1.8g 
(NH4)2SO4, 0.9g Na citrate, and 88g glycerol; was made up to 1 litre with H20. 
Phenol: Stock phenol solution was prepared using 250m1 water saturated 
phenol (Rathburn Chemicals), 200m1 1M Tris (pH 7.8), 14m1 Cresol, 500j.tl - 
mercaptoethanol, and 0.28g hydroxyquinoline. 
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Dialysis Tubing: was prepared by cutting dry tubing into 20cm strips. Then 
boiling in 21 of Sodium bicarbonate, 1mM EDTA for 10 minutes, rinsed in distilled 
water, and boiled in H20 for 10 minutes. The tubing was stored in 50% v/v ethanol, 
1mM EDTA at 4°C, and rinsed in distilled water before use. 
Potassium Acetate: A 3M solution of KAc (pH 5.2) was prepared using 60m1 
5M KAc, 1 1.5m1 glacial Acetic Acid, 28.5m1 H20. 
DNA loading dye: Loading buffer for agarose gels was made with 15% w/v 
Ficoll, and 0.25% bromophenol blue. 
Sequencing Acrylamide mix: 119g of urea was added to 42m1 of 40% w/v 
acrylamide/bis-acrylamide (19:1) solution, with 7m1 20x TBE and the volume made 
up to 280m1 with H20. Just before use 3pi per ml 10% w/v ammonium persuiphate 
and ipi per ml TEMED were added to polymerise the acrylamide. 
10. Microbial Techniques 
10.1 Growth of E.coli bacterial cultures 
Liquid cultures of E. coli were grown in L-broth by inoculating a culture 
from a single colony with a sterile inoculating loop or sterile toothpick. Cultures 
were grown at 37°C with shaking in either flasks or glass bottles, for sufficient time 
to reach the desired turbidity. 
10.2 Storage of bacterial strains 
Bacterial strains were stored in stabs of L-broth agar. Strains containing 
plasmids were stored by adding 0.5m1 of a fresh overnight culture to 0.5ml cell 
storage buffer, frozen on liquid nitrogen, and stored at -70°C, to recover the cells the 
culture was thawed and streaked out on a plate containing the appropriate antibiotic. 
10.3 Preparation of plating cells and bacterial lawns 
Fresh overnight cultures of cells were diluted 1 in 50 into L-broth and grown 
to log phase (OD6500.5). Cells were then harvested by centrifugation at 3000g and 
resuspended in 0.5x volume of 10mM MgSO4 and stored for up to one week at 4°C. 
Cells containing plasmids were grown in the presence of appropriate antibiotic and 
used while fresh. A lawn of cells was made by addition of 3m1 of molten top agar to 
0.2m1 of plating cells, which was then poured onto an agar plate (with antibiotic if 
required). 
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10.4 Preparation of X plate lysates 
Approximately 105 phage or 0.1 to 0.2m1 of a fresh plaque in imi phage 
buffer was added to 0.2m1 plating cells. This was left to adsorb for 15 minutes at 
room temperature. 3m1 of molten top agar was added and the mixture poured onto a 
fresh L-agar plate (containing antibiotic if necessary). The plate was incubated for 6 
to 8 hours at 37°C until confluent lysis was observed. The plate was then overlaid 
with 5m1 of L-broth and incubated at 4°C from 4 hours to overnight. The L-broth 
was decanted into a bottle, lOOpJ chloroform added and the mixture vortexed. The 
cellular debris was removed by centrifugation at 3000g for 5 minutes and the phage 
lysate transferred to a fresh bottle and stored indefinitely at 4°C. 
10.5 Preparation of 7 liquid lysates 
An L-broth culture was inoculated with 0.2x volume of a fresh overnight of 
cells. This culture was incubated at 37°C until the 0D650 reached 0.5. Phage were 
added to a MOl of approximately 0.1 (different MOIs were used for particular 
phage). The inoculated culture was grown at 37°C for three to six hours until the 
0D650 dropped back to 0.5 to 1. The phage lysate was harvested by mixing with 
0.03x volume of chloroform and the bacterial debris removed centrifugation at 
3000g, 10 minutes. The lysate could be stored at 4°C indefinitely. 
10.6 Preparation of M13 liquid lysates 
1.5m1 of L-broth was inoculated with 30j.tl of a fresh overnight of cells and 
these were incubated for 1 hour at 37°C. A fresh M13 plaque was stabbed with a 
sterile toothpick and this was placed in the NM522 culture, that was then further 
incubated from 4 to 6 hours. The lysate was then cleared of cells by centrifugation at 
11 OOOg  for 10 minutes and stored at 4°C. A second centrifugation step was 
introduced if removal of the host cells was critical. 
10.7 Titration of X phage 
10.7.1 Spot tests 
Spot tests were used to obtain a rough estimate of the titre of phage. The 
phage were diluted in phage buffer, normally in 10-fold dilution's, and 101.11 of these 
dilution's was carefully dropped onto the bacterial lawn with a Gilson pipette, and 
incubated overnight at 37°C. Several spots could be placed on a single plate, in 
order to include a number of different phage at different dilutions on a single plate. 
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10.7.2 Plate titrations 
0.1 to 0.2m1 of diluted ? phage (diluted in phage buffer) were mixed with 
0.2m1 of plating cells and the phage were left to adsorb for 15 minutes at room 
temperature. 3ml of molten top agar was added and this mixture poured onto a BBL 
plate and incubated overnight at 37°C. 
10.8 Titration of M13 phage 
M13 lysates were' diluted in LTB buffer and either spotted directly onto 
bacterial lawns or 50 to 200.tl of diluted lysate was mixed with 200p.l of a fresh 
bacterial overnight, 3ml of molten top agar was added and poured onto a BBL or 
minimal agar plate. 
10.9 Making ? lysogens by homologous recombination 
X c1857 att int phage can only integrate into a bacterial chromosome by 
homologous recombination as no attachment site is present. The lambda phage were 
grown on a lawn of cells by one or other of the methods described for titering phage 
above. Colonies were picked from the area of lysis and streaked onto an L-agar 
plate seeded with c. 109  of two homoimmune Ac1 phage (XNM63 and XNM220). 
The potential lysogens that grew were tested either for a temperature sensitive 
phenotype by streaking on L-plates at 32°C and 42°C or by growing liquid cultures 
of the potential lysogens at 32°C and then spotting this culture on a lawn of NM522 
cells to look for induced phage. 
10.10 Preparation of competent cell 
Two methods were commonly used:-
10.10.1 CaCl2 
A fresh overnight in L-broth was diluted 1 in 50 into 25m1 L-broth, and the 
culture grown up to log phase, 0D650=0.5. The cells were then harvested by 
centrifugation at 3000g for 10 minutes at 4°C and then resuspended in 20m1 of cold 
100mM MgCl2, the cells were harvested as before and resuspended in lOmi of cold 
100mM M902,  the cells were harvested a third time and resuspended in lml of cold 
100mM CaC12. 2-5.tl of a ligation reaction or 50-10ng plasmid DNA was added to 
200pl competent cells and the mixture left on ice for 30 minutes, then heat-shocked 
at 42°C for 90 seconds and lml L-broth added. The cells were grown at 37°C for 1 
MOO 
hour. 50-200p1 of the cells were spread on agar plates containing appropriate 
antibiotic. 
10.10.2 Electroporation 
Method based on Heery and Dunican (1989). A fresh overnight in L-broth 
was diluted 1 in 50 into lOml 2x TY broth, and the culture grown up to log phase. 
The cells were then harvested by centrifugation at 3000g for 8 minutes at 4°C and 
then resuspended in lOml of ice cold H20. This was repeated three times and the 
cells finally resuspended in an equal volume (100 to 300il) H20. ipi of a ligation 
reaction or 10-50ng of plasmid DNA was added to 40pi competent cells and the 
mixture electroporated (at 2.5KV, 200Q resistance and 25pFD capacitance) with a 
Bio-rad Gene PulserWPu1se Controller and the cells immediately resuspended in 
imi Soc buffer (L-broth with 10mM MgSO4, 10mM M902,  0.4% w/v glucose). 
The cells were then grown up at 37°C from 20 minutes to 1 hour. 50 to 200p.l of the 
cells were spread on agar plates containing appropriate antibiotic. 
10.11 Bacterial conjugation 
The F' donor EH55, was grown to 0D650 of 0.5 at 37°C. Sml of this was 
mixed with Sml of an overnight culture of the recipient strain and the mixture 
incubated at 37°C for 1 hour without agitation. The mixture was then serially diluted 
in minimal media and grown on minimal-agar plates (to select for the recipient) 
containing tetracycline (to select for the F'). 
11. DNA Techniques 
11.1 Ethanol precipitation 
Standard DNA ethanol precipitation was carried out by the addition of 0. lx 
volume of 3M NaAc (pH 5.2) and 2x volume of ethanol. This mixture was left for 
20 minutes at -20°C and the DNA collected by centrifugation at 6000 to 1 1000g for 
10 minutes. 
11.2 Phenol (phenol/chloroform) extraction 
For a phenol extraction an equal volume of TE saturated phenol was added 
to the DNA solution and thoroughly mixed, the organic and aqueous layers were 
then separated by centrifugation (4 minutes at 1 1000g) and the aqueous layer 
removed. 
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For a phenol/chloroform extraction, an equal volume of 
phenol: chloroform: isoamyl alcohol (25:24:1 volume ratio respectively) was added 
and mixed by inversion several times. The organic and aqueous layers were then 
separated by centrifugation (4 minutes at 1 1000g) and the aqueous layer removed. 
11.3 Mini-scale preparation of plasmid DNA 
The method used is based upon that of Birnboin and Doly (1979). imI of a 
fresh overnight culture of the plasmid carrying strain was harvested by centrifugation 
(5 minutes at 11000g). The cells were resuspended in 100p 1 lysis solution and 
incubated at room temperature for 5 minutes. 200pi  alkaline SDS was mixed with 
the cells, and the mixture incubated on ice for 5 minutes. Followed by the addition of 
150pJ 3M KAc (pH 5) and further incubation on ice for 5 minutes. The suspension 
was centrifuged (1 minute at 1 1000g) and the supernatant transferred to a fresh tube 
and 2x volume of ethanol was added to precipitate the DNA for 2 minutes. at room 
temperature, and this was collected by centrifugation (1 minute at 1 1000g). The 
DNA pellet was washed with 70% ethanol and dried under vacuum before 
resuspension in 30pJ TE buffer or water. 
11.4 Preparing plasmid DNA - midi-scale 
A fresh overnight culture of the plasmid carrying strain was diluted 100 fold 
in L-broth (with antibiotic) and incubated at 37°C shaking overnight. The cells were 
harvested by centrifugation (6000g for 10 minutes) and resuspended in 4m1 lysis 
buffer with 8mg lysozyme, and the mixture left on ice from 20 to 40 minutes. 8m1 
fresh alkaline SDS was added and the mixture left on ice for a further 10 minutes. 
5m1 of 3M sodium acetate (pH 5.2) was added and the suspension mixed and left for 
a further 10 minutes on ice. This was then centrifuged (15 minutes at 13000g) to 
collect chromosomal DNA and protein. Protein was extracted from the supernatant 
by phenol/chloroform extraction. Plasmid DNA was precipitated from the aqueous 
layer by ethanol precipitation, and the pellet resuspended in 500t1 H20. RNA was 
degraded by adding 5jil RNase (lOmg/ml) and incubating at 37°C for 20 minutes. 
Further protein was removed by 2 or 3 more phenol/chloroform extractions and the 
DNA precipitated by ethanol precipitation and the pellet resuspended in 500p1 H20. 
11.5 Preparing Caesium Chloride purified plasmid DNA 
1.5m1 of a fresh overnight culture of the plasmid carrying strain was added to 
150m1 L-broth (with antibiotic), and the culture grown up overnight at 37°C. The 
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cells were harvested by centrifugation (10 minutes at 60009), resuspended in 7m1 of 
lysis solution and incubated on ice for 5 minutes 14m1 of alkaline SDS was added 
and the mixture left on ice for 10 minutes Followed by addition of 3.5m1 of 3M 
KAc (pH 5) and incubated on ice for 5 minutes The suspension was then 
centrifuged (10 minutes at 6000g) and the supernatant filtered through sterile glass 
wool to remove any loose precipitate. The DNA was precipitated by addition of 
15m1 of isopropanol and incubation on ice for 30 minutes and centrifuged (10 
minutes at 6000g). The DNA pellet was washed (70% ethanol), dried and 
resuspended in 9.4m1 TE buffer, into which 9.5g of caesium chloride was dissolved 
and 0.6m1 of ethidium bromide (10mg/mi) was added. This solution was centrifuged 
(36-48 hours, 18°C, 100000g) and the DNA in the gradient was extracted with a 5m1 
syringe under visualisation with UV. The ethidium bromide was extracted with 
isopropanol (saturated with NaC1/TE buffer) and the DNA precipitated by addition 
of two volumes of ethanol. The DNA was collected by centrifugation (15 minutes at 
13000g), and the pellet washed (70% ethanol), dried and resuspended in 500jil TE 
buffer. Residual protein was removed by extracting twice with an equal volume of 
phenol and the DNA was purified from the aqueous layer by a further ethanol 
precipitation, the final DNA pellet was resuspended in SOOpi TE buffer. 
11.6 Preparation of bacterial chromosomal DNA 
imi of a fresh overnight culture was harvested by centrifugation (5 minutes at 
11 000g)  and resuspended in 500jil 40mM Tris (pH 8.0), 20mM EDTA, 10mg/mi 
lysozyme and this was incubated at 37°C for 30 minutes. 100pI of 5% w/v SDS and 
RNAase (lOOj.ig/ml) were added and the cell debris extracted with several phenol 
extractions. When the interface between the two layers was clear, a chloroform 
extraction was done to remove any residual phenol. The DNA was precipitated with 
addition of 15jil of 5M NaCl, and lml ethanol and left overnight at -20°C; then 
centrifuged (10 minutes at 11000g), the pellet washed (70% ethanol), dried and 
resuspended in 100-200pJ TE buffer. 
11.7 Preparing X DNA - small scale 
A 4m1 ? lysate was made as described earlier in this chapter and 5pJ RNase 
(10mg/mi) and 5jil DNase (10mg/mi) were added and the lysate incubated at 37°C 
for 20 minutes. 4m1 of 20% PEG (6000), 2M NaCl in phage buffer, was added to 
the lysate and incubated at 4°C overnight. Phage were harvested by centrifugation at 
1 3000g for 20 minutes and all the PEG solution removed. The phage pellet was 
resuspended in 0.5ml of phage buffer and 0.5m1 of chloroform added and mixed. 
This suspension was centrifuged at 1 l000g for 1 minute and the aqueous layer 
removed. 0.5m1 of phenol was mixed with the aqueous layer and after centrifugation 
at 1 l000g for 3 minutes the aqueous layer was removed. The aqueous phase was 
twice more extracted, firstly with 0.5m1 of phenol: chloroform (1:1) and secondly 
with 0.5ml of chloroform. The X DNA was precipitated with 800 jil of ethanol at 4°C 
for 10 minutes and harvested by centrifugation at 1 1000g for 10 minutes. The pellet 
was rinsed with 70% ethanol and resuspended gently in 400p.l TE. The DNA was 
then further ethanol precipitated at 4°C for 10 minutes and harvest by centrifugation 
at 1 1000g for 10 minutes, the final DNA pellet was gently resuspended in 100111 TE 
and stored at -20°C. 
11.8 Preparing ? DNA- large scale 
A 250m1 lysate was prepared as described earlier in this chapter. 25pJ RNase 
(10mg/mi) and 25p1 DNase (10mg/mi) were added and the lysate incubated at 37°C 
for 30 minutes. 14.6g of NaCl was dissolved in the lysate and incubated at 4°C 
overnight. The bacterial debris was separated by centrifugation at 6000g for 15 
minutes at 4°C. 25g of PEG (6000) was dissolved in the cleared lysate and 
incubated at 4°C for 3-4 hours. The phage were precipitated by centrifugation at 
6000g for 15 minutes at 4°C and gently resuspended in 6n -fl of phage buffer. 7m1 of 
chloroform was mixed with the phage and the aqueous layer separated by 
centrifugation at 3000g for 10 minutes and stored at 4°C. A CsC1 step gradient was 
prepared by adding 2.5ml of 1.3g/mi CsC1 solution to a 13.2m1 Beckman centrifuge 
tube and this successively under-layered with 2m1 of 1 .5g/ml CsC1 and 1 .Sml of 
1 .7g/ml CsCl. The phage suspension was added to the top of the CsCl step gradient 
and centrifuged at 80000g for 1 hour. The resulting phage band was removed from 
the gradient with a lml syringe and dialysed against 21 of phage buffer for 1 to 2 
hours at 4°C. A second CsC1 step gradient were performed as described above and 
the resulting phage dialysed against 21 of TE overnight at 4°C. 0.05x volume of 
20mg/mi pronase (a mixture of proteases from Streptomyces griseus) was added to 
the phage in the dialysis tubing and dialysis continued in 11 of 20mM Tris (pH 7.5), 
100mM NaCl, 1mM EDTA, and 0.02% Triton X100 for 2 hours at 37°C. The 
solution was phenol extracted then phenol/chloroform extracted followed by a 
chloroformlisoamylalcohol extraction. The DNA was then ethanol precipitated at 
-20°C for at least 1 hour and the centrifuged at 1 1000g for 30 minutes at 4°C. The 
DNA pellet was rinsed in 70% ethanol, after air-drying it was resuspended in 180111 
TE and 20j.tl 3M NaAc pH 5.3 was added with 140jiJ isopropanol. This solution was 
left at room temperature for 15 minutes and the DNA collected by centrifugation at 
1 1000g for 30 minutes at 4°C, the DNA pellet was rinsed in 70% ethanol, 
resuspended in 200pi TE and stored at -20°C. 
11.9 Packaging of X DNA in vitro 
The in vitro packaging extracts (sonicated extract and freeze-thaw lysate) 
were either kindly provided by Annette Titherage or the Amersham In Vitro 
packaging kit was used. 
Buffer A: 20mM Tris (pH 8), 1mM EDTA, 3mM M902. 
Buffer Ml: 6mM Tris (pH 7.5), 60mM neutralised putrescene, 30mM 
spermidine, 18mM MgCl2, 15mM ATP and 28mM 3-mercaptoethanol. 
The packaging reaction was carried out by mixing in sequential order:- 
7p1 buffer A 
0.2 to 0.5 jig DNA (lOmi) 
1 pA buffer Ml 
6p.l sonicated extract 
V) 	8p1 freeze thaw lysate 
The reaction was incubated at 23°C for 2.5 hours and then 0.5m1 of phage 
buffer and lOp.l chloroform were added and the phage titred on an appropriate strain. 
11.10 Preparing M13 DNA 
11.1 0.1 Single stranded DNA minipreparation 
A 1.5m1 M13 lysate was prepared as described and 200g1 of 20% PEG 
(6000) 2M NaC1 in phage buffer was added and the lysate incubated at 4°C 
overnight. The phage were collected by centrifugation at 1 1000g for 10 minutes and 
resuspended in 100p1 TE. SOp.l phenol was added and this left at room temperature 
for 10 minutes before 75p.l of the aqueous layer was collected. The DNA was 
ethanol precipitated and the pellet washed with 70% ethanol, resuspended in 20-30pJ 
TE and stored at -20°C. 
11.10.2 Replicative form DNA preparation 
An M13 lysate of desired volume was made by diluting a fresh bacterial 
overnight culture (of NM522 or other appropriate strain) 1 in 50 into 2x TY broth 
and incubating for 1 hour at 37°C. M13 phage were added either directly from a 
fresh plaque with a toothpick or from a lysate and the culture incubated at 37°C for 
3-4 hours. The cells were harvested by centrifugation at 3000g for 10 minutes at 
4°C. From this point a normal plasmid DNA preparation method was followed, as 
described earlier in this chapter. 
11.11 Cleavage of DNA with restriction enzymes 
All DNA restrictions were performed using the appropriate buffer supplied or 
recommended for the enzyme at temperatures suggested by the manufacturer 
(typically 37°C) for 1-2 hours. Double digests were done in a buffer compatible 
with both enzymes. 
11.12 Dephosphorylation of DNA 
Linear DNA fragments were dephosphorylated in lx TA buffer (supplied 
with phosphatase), typically in a lOjfl volume. The CaC12 concentration was 
adjusted to 5mM, and temperature to 30°C. One unit of HKTm phosphatase 
(Epicentre Technologies) was added per .tg DNA, and the reaction incubated at 30°C 
for ihour. The enzyme was inactivated by incubation at 65°C for 30 minutes. 
11.13 Agarose Gel Electrophoresis 
DNA was separated in 0.6-1.3% (w/v) agarose gels, with 1xTBE buffer with 
0.5pg/ml ethidium bromide. Prior to loading DNA samples were mixed with an 
equal volume of loading buffer (40% w/v Ficoll 400; 100mM EDTA (pH 7.5), 
0.05% w/v bromophenol blue; and 0.05% w/v Cyanol blue). A potential difference 
of 3-10V/cm was used to resolve the DNA, the gel was then visualised by UV 
illumination and photographed. DNA markers were typically ?cI857 Sam7 cut with 
Hindffl or 123bp DNA ladder (GibcoIBRL). 
11.14 Recovery of DNA form Agarose Gels 
Two methods were commonly used:- 
11.14.1 Electroelution 
The DNA was separated on TBE agarose gels and the gel section containing 
the required DNA fragment was cut out and placed in dialysis tubing with 200-500pJ 
lx TBE buffer. The dialysis tubing was placed in TBE buffer and a potential 
difference of 1OV/cm was applied for 30 minutes, the current was reversed for ten 
seconds to move the DNA from the side of the tubing, and the TBE buffer 
transferred from the tubing to a 1 .5m1 eppendorf tube. The DNA was then purified 
by phenol/chloroform extraction, followed by ethanol precipitation. The resulting 
DNA pellet was resuspended in a suitable volume (typically 10 to 30j.il) of TE. 
11.14.2 Gene Clean TM 
The DNA was separated on TBE agarose gels and the gel section containing 
the required DNA fragment was cut out and placed in a 1 .5m1 eppendorf tube with 
45p1 TBE modifier and 500j.tl 3M Nal (per 100p1 gel slice) and 5pi glassmilk per 
5jig DNA. The agarose was melted at 75°C for ten minutes and the GeneClean (Bio 
101 Incorporated, California. USA) procedure followed as indicated by the 
manufacturer. 
11.15 Creating "blunt-ended" DNA fragments 
If the linear DNA fragments were not phosphorylated, for example PCR 
products, then these were phosphorylated in a total volume of 32pi containing 3j.il 
1M Tris (pH 8), l.5p1 20mM ATP, 1.5i1 0.1mM DTT, lj.tl 300mM MgCl2  and 5 
units polynucleotide kinase, the reaction was incubated at 37°C for 45 minutes. 
The single-stranded DNA ends were extended with the addition of 6p.l 
2.5mM dNTP's and 1 unit Klenow polymerase, the reaction was incubated at room 
-  temperature for 30 minutes. The DNA was subsequently purified using the 
GeneClean kit, before being used in a ligation. 
11.16 Ligation of DNA 
DNA was ligated using T4 DNA ligase, in a 10p1 volume containing 66mM 
Tris (pH 7.5), 5mM M902, 1 m DDT, 1 m ATP, 250-500ng DNA, and T4 DNA 
ligase (0.1-0.2 Weiss units). The ligation reaction was incubated overnight at 16°C, 
and the ligase inactivated at 70°C for 10 minutes. 
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11.17Exonuclease Ill deletions of linear DNA fragments 
Buffers used:- 
Exonuclease ffi buffer: 66mM Tris (pH 8), 6.6mM M902 
Si Nuclease buffer: 225mM NaCl, 30mM KAc (pH 4.5), 4.5% 
glycerol, 0. 189M ZnSO4. 
Ligation buffer: 50mM Iris (pH 7.6), 10mM MgCl2, 10mM DTT, 
50jig/ml bovine serum albumin, 7.5% PEG (8000), 0.5mM ATP. 
Based on the method of Henikoff (1987). 10ig of linear DNA was purified 
by phenol/chloroform extraction and ethanol precipitation and resuspended in 60pJ 
exonuclease buffer. 500 units of exonuclease Ill were added to the DNA at 37°C, 
and every 30 seconds a 2.5p1 sample was taken and mixed with 7.5 p1 of Si nuclease 
buffer with 2.4 units Si nuclease and incubated at 30°C for 30 minutes. The 
reactions were stopped with the addition of ipi of 300mM Iris (pH 8), 50mM 
EDTA and incubated at 70°C for 10 minutes. Samples were then analysed on 
TBE/agarose gels and fragments of a desired size were pooled. 3 units of Klenow 
enzyme were added in 300mM MgCl2, 15mM Tris (pH 7.6) and incubated at 37°C 
for 5 minutes. ipi of 0.5mM dNTPs was added and the reaction incubated at room 
temperature for 15 minutes. 4011.1 of ligation buffer was added containing 0.2 units 
T4 DNA ligase and incubated at room temperature for 2 hours. Finally, 5 to 10111 of 
this reaction mix was used to transform an appropriate bacterial strain. 
11.18 Annealing complementary oligonucleotides 
Two complementary oligonucleotides were diluted in TE to equimolar 
amounts, typically lOjiM. These were then boiled for 4 minutes and allowed to cool 
to below 30°C overnight and stored at -20°C. 
11.19 Digoxigenin DNA probing 
This was done using the Boehringer Mannheim kit where the following 
reagents were supplied :- 
Blocking reagent (powder) was made up as a 10% w/v solution, autoclaved 
and stored at 4°C. 
Hexanucleotide mix and dNTP labelling mix were stored at -20°C. 
Other buffers used :- 
MS Buffer: 0.1M Maleic Anhydride, 0.15M NaCl (pH to 7.5 with NaOH) 
made up as a 5x solution and autoclaved. 
Washing Buffer: MS buffer with 0.3% v/v Tween 20. 
Blocking Buffer: MS buffer with 0.lg/ml Blocking reagent (Boehringer 
Mannheim) autoclaved and stored at 4°C. 
TMS Buffer: 0.1M Tris (pH 9.5), 0.1M NaCl, 50mM MgC12. 
AMPPD: [3-(2'-spiroadamantane)-4-methoxy-4-(3'-phosphoryloxy)phenYl-
1,2-dioxethane] (Tropix, purchased through New Brunswick Scientific) the 
chemiluminescence substrate for alkaline phosphatase was supplied as a 10mg/mi 
solution. 
1119.1 Making digoxigenin DNA probes 
0.5 to 3pg of DNA was denatured for 10 minutes in a boiling water bath, 
placed on ice for 3 minutes and labelled at 37°C overnight, by addition of 21L1 of 
hexanucleotide mix (vial 5), 2ji.1 dNTP labelling mix (vial 6), 2 units of Kienow 
enzyme and the volume made up to 20i1. The reaction was stopped with the 
addition of 2Iil  of 0.2M EDTA, and the DNA precipitated with 1 .8j.il 3M NaAc, 
72pl ethanol left at -70°C for 20 minutes and centrifuged (10 minutes at 1 1000g). 
The DNA pellet was washed in 70% ethanol, dried and resuspended in 50j.il TE and 
1il 5% SDS, at 37°C for 10 minutes with occasional vortexing. This labelled DNA 
was stored at -20°C. 
The probe was then titred by spotting dilutions of the probe and dilutions of 
the control DNA (supplied in the kit) onto Hybond-N (Amersham) hybridization 
transfer membrane, cross-linking with ultra-violet irradiation and developing as 
normal. From the resulting autoradiograph it was possible to compare the quantified 
control and the probe to assess the concentration of labelled DNA. 
11.19.2 Transfer of bacterial colonies to filters 
Fresh agar plates were placed from the 37°C incubator into the fridge for 5 
minutes to ensure reliable transfer of colonies. A Hybond-N circular filter was 
placed on the agar surface for one minute and then subsequently placed on 
successive blotting papers for 5 minutes soaked in solutions as follows:- 
a) 10%SDS 
0.5M NaOH, 1.5M NaCl 
0.5M Tris (pH 7.5), 1.5M NaC1 
2xSSC 
the filters were blotted onto dry blotting paper between each step, and finally 
dry blotted before hybridisation. 
11.19.3 Transfer of bacteriophage ? plaques to filters 
Method based on Benton and Davis 1977. X bacteriophage was propagated 
on reasonably dry BBL plates, overnight at 37C, these were then left at 4°C for 2 
hours to harden agar. Circular Hybond-N filters were the placed on the agar 
surface for 2 minutes and marked to enable orientation of filters to plates, then 
placed on Whatman paper soaked in 0.5M NaOH for 5 minutes. The filters were 
then washed in 0.1M NaOH, 1.5M NaCl and then twice in 0.5M Tris pH 7.5, 1.5M 
NaCl for 20 seconds each, before being placed on Whatman paper soaked in 2x SSC. 
The DNA was then irradiated with ultra-violet irradiation to cross-link it to the filters 
(Stratagene UV Stratalinker® 1800 set to auto-crosslink irradiates to 120,000 
pjoules/cm2). 
11.19.4 Hybridisation 
Hybridisation buffer was prepared as follows, 15m1 formamide, 7.5m1 20x 
SSC, 6m1 10% blocking buffer (see next section), 1.2m1 H20, 300pi 10% w/v N-
lauroyl-sarcosine (Sigma), 30p.l 20% SDS. The filters were prehybridised at 37°C 
for 1 hour, with 20ml hybridisation buffer. Hybridisation was done in 2.5m1 
hybridisation buffer with 5-15ng/p.l digoxigenin labelled DNA probe, at 37°C 
overnight. The filters were then washed twice in lOOml 2x SSC, 0.5% SDS for 5 
minutes and then washed twice in lOOmI lx SSC, 0.5% SDS for 5 minutes. 
11.19.5 Digoxigenin detection 
The digoxigenin detection method described below was carried out at room 
temperature, unless otherwise stated, with filters incubated on a gently shaking 
platform. The filters were washed for 5 minutes in Washing buffer, then placed in 
Blocking buffer for 30 minutes. Hybridisation to anti-digoxigenin-AP Fab 
(Boehringer Mannheim) fragments followed (3p1 anti-DIG-AP in 30m1 Blocking 
buffer, 75mUnits per ml) for 30 minutes. The filters were then washed twice for 15 
minutes in Washing buffer, before TMS buffer for 3 to 5 minutes. The 
chemiluminescence reagent AMPPD was diluted in TMS buffer (to 0. 1mg/mi) and 
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20m1 incubated with the filters for 5 minutes. The filters were blotted and sealed in 
Saran wrap, with a few drops of TMS, and incubated at 37°C for 15 to 25 minutes. 
Then exposed to X-ray film for 30 minutes 
11.20 Polymerase Chain Reaction 
All reactions were carried out using a Hybaid Omne-Gene thermal cycler. 
Reactions were carried out in volumes of 20pi to 50pi (for microtitre plates) or 50pi 
to lOOp! (for 0.5m1 eppendorf tubes), containing 50iM dNTPs, 200pM each primer 
and lx reaction buffer (supplied with polymerase), 1 to 2 units Of Taq polymerase 
and less than lOng template DNA, or a small quantity of template carrying cells 
transferred directly to reaction with sterile toothpick. Reactions were overlaid with 
40 to 75R1 of mineral oil (Sigma). The thermal cycles differed depending on the 
primers being used, an initial denaturation step of 96°C for 5 minutes and a final 
extension step of 72°C for 5 minutes were always included. The 25 amplification 
cycles would typically have an initial denaturation step (96°C for 30 seconds) an 
annealing step for (30 seconds) and an extension step (72°C for 1 minute). The 
annealing temperature was usually 5°C below the lowest Tm of the oligonucleotide 
primers, a predicted Tm was calculated as :- 
Tm= 4x(G+C) + 2x(A+T) 
Where G, C, A, and T are the numbers of G, C, A, and T nucleotides 
respectively in the oligonucleotide. Small changes in the annealing temperatures 
were found to have the greatest influence on the PCR reaction, for individual pairs of 
primers the annealing temperature was optimised. 
11.21 DNA Sequencing 
Sequencing reactions were carried out using United States 
Biochemical/Amersham sequenase® sequencing kit (Tabor and Richardson, 1989), 
based on Sanger et. al. (1977). 
11.21.1 Double stranded sequencing 
Double stranded sequencing templates were prepared using CsC1 gradient 
DNA preparation. ipi of 30-40.tM oligonucleotide DNA was added to 5j.tg of 
plasmid DNA in 9gl and this mixture denatured at 100°C for 4 minutes, then placed 
immediately on dry ice. Extension reactions were prepared in a volume of 7p.1 
containing 29mM DDT, 750nM dGTP, dTTP, dCTP and [a35S]dATP,  2pi 5x 
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sequenase buffer, and 4 units of diluted sequenase enzyme. The template/primer 
mix was thawed at room temperature and the extension mix added. The extension 
reaction was allowed to proceed for 4 minutes at room temperature, and then 4pJ of 
the reaction was added to each of 2tl of 8pM ddNTPs (including 80pM dNTPs and 
50mM NaCl). The chain termination was allowed to proceed at 37°C for 3 minutes, 
and finally terminated with 4pJ of stop solution, reactions were stored for not more 
than one week at -20°C. 
11.21.2 Single stranded sequencing 
Single stranded M13 sequencing templates were prepared as discussed 
previously in this chapter. 7jil of the minipreparation of M13 DNA was added to 
2pJ of sequenase buffer and liii  of 0.5 to 2pM primer. This mixture was heated to 
65°C for two minutes and allowed to cool to below 30°C slowly. For each reaction 
an extension mix was prepared, consisting of 29mM DDT; 750nM dG/C/TTPs, 0.5.i1 
[oc 35 S]dATP and 4 units of diluted sequenase enzyme. The template primer mix 
was added to the 5.5 p1 of extension mix and the reaction allowed to proceed for 3 to 
4 minutes at room temperature. 3.5p1 of the extension reaction was then added to 
each of 2.5il of 8mM ddNTPs (as above) and the termination reactions were 
incubated at 37°C for 3 minutes. The reactions were then stopped by addition of 4p1 
of stop solution and stored for not more than one week at -20°C. 
11.21 .3 DNA Sequencing gels 
Bio-rad sequi-genTM sequencing cell gel kits were used with 0.4mm thick 
spacers, following the manufacturers instructions. The gels are initially sealed with 
lOml of 6% acrylamide mix, when this had set, 30m1 of 6% acrylamide mix was 
poured into the top of the plates. Typically 3p1 of the reactions were loaded and the 
gels run at 37Watts for 1.5, 3, and 4.5 hours. The gels were then fixed with 10% 
acetic acid, 10% methanol for 20 minutes and then dried onto Whatman No.1 filter 
paper (using Bio-Rad gel-drying apparatus, Model 583). The filters were then 
exposed to DuPont Cronex X-ray film for 2 to 10 days, and the films developed 
using a X-ograph compact X2 film developer (fix and developer solutions from 
photosol). 
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12. Protein Techniques 
12.1 Polyacrylamide gel electrophoresis (PAGE) 
All PAGE was carried out with either large (13.5cm by 13.5cm by 1 or 2mm) 
Atto AE-6220 gel kits (Atto Corporation, Japan) or Hoefer "Mighty Small" (7.5cm 
by 8cm by 0.75mm) SE250 gel kits (Hoefer Scientific Instruments, San Francisco. 
USA). The stock 30% w/v acrylamide solution contains acrylamide:bisacrylamide 
37.5:1. 
12.1.1 Non-denaturing PAGE 
Non-denaturing PAGE was used to separate labelled DNA fragments or for 
Western Blots of wild-type methylase. 5% acrylamide gels were used to separate 
DNA fragments and 12% acrylamide gels were used to separate proteins. A gel-mix 
was made up to lx TBE, 5 or 12% acrylamide solution (for a 5% or 12% gel 
respectively) and 0.006x volume of 10% AMPs and 0.00035x volume of TEMED 
was added to polymerise the gel. Samples were mixed with an equal volume of 
either 20% Ficoll or 100mM Tris (pH 8), 20% glycerol, before loading. 
Bromophenol blue (0.25mg/mi) was run in separate lanes at the edge of the gel to 
monitor the progress of the samples. The gels were run in lx TBE running buffer. 
12.1.2 SDS/PAGE 
Denaturing protein gels contained a stacking gel of approximately 20% gel 
length, as well as the separating gel based on the method of Laemnili (1970). The 
separating gel was made up to 375mM Tris (pH 8.8), 10 or 12.5% acrylamide 
solution and 0.1% SDS. The stacking gel was made up to 125mM Tris (pH 6.8), 6% 
acrylamide solution and 0.1% SDS. 0.Olx volume of 10% AMPS and 0.00lx 
volume of TEM1ED was added to polymerise these gel mixes. Samples were boiled 
for 4 minutes in an equal volume of 125mM Tris (pH 6.8), 10% glycerol, 2% SDS, 
700mM -mercaptoethanol before being loaded onto the gel. Gels were run in 
25mM Tris (pH 8.3), 192mM glycine and 0.1% SDS. 
12.1.3 Coomassie staining 
Gels were stained in 1mg/mi coomassie stain in 10% methanol, 10% acetic 
acid for 1 to 12 hours and destained in 10% methanol, 10% acetic acid for up to 36 
hours. 
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12.2 Western blotting 
Nitrocellulose or Immobilon-P PVDF (polyvinylidene diflouride, Millipore 
Corporation, USA) membrane were placed onto PAGE gels and these were then 
sandwiched between 6 sheets of blotting paper (PVDF was pre-treated briefly in 
methanol). These layers were placed in a holder within a Bio-Rad Trans-BlotTm cell 
with approximately 3 litres of 25mM Tris, 200mM Glycine. The blot was run at 
30V (c. 3V/cm) overnight. 
12.2.1 Detection of proteins on Westen blot with antibodies 
TBS buffer: 10mM Tris (pH 7.5), 150mM NaC1 
Block buffer: 5g dry milk powder in lOOml TBS buffer. 
The blot was incubated in lOOml block solution for 1 hour, followed by 
lOOmi of block solution with antibody for 1 hour (typically lOp1 of antibody was 
sufficient for a reasonable signal). The blot was then washed in TBS for 5 minutes 
and either an alkaline phosphatase or a horse radish peroxidase secondary antibody 
were used: - 
i) 	Alkaline Phosphatase 
The blot was incubated with 15m1 TBS and 2j.tl secondary antibody (linked to 
alkaline phosphatase) for 1 hour before being washed in TBS for 5 minutes. The 
blot was then incubated in lOml TBS with colour development reagents from 
Promega, 66p.l NBT (nitro blue tetrazolium) and 33j.il BCIP (5-bromo-4-chloro-3-
indoyl- 1-phosphate) until the bands appeared on the blot. 
Horse radish peroxidase 
The blot was incubated with 15m1 TBS and lOj.tl secondary antibody (linked 
to horse radish peroxidase) for 1 hour before being washed in TBS for 5 minutes. 
The blot was then incubated with 4m1 of both reagents 1 and 2 from the Amersham 
ECL detection kit. The blot was then placed in saranwrap and exposed to film for 20 
seconds to 15 minutes. 
123 Making cellular lysates to assay for gene 
overexpression and translation 
Freshly transformed cells were grown up in L-broth containing the 
appropriate antibiotic (usually 30 to 50tM ampicillin) at 37°C, with vigorous 
shaking. When the 0D650 reached 0.5, IPTG was added to 1mM and the induction 
74 
was continued at 37°C for 3 to 6 hours. The cells were harvested by centrifugation 
at 1 1000g for 10 minutes at 4°C, all procedures were carried out at 4°C from this 
point. The cells were resuspended in 20mM Tris (pH 6.5 or 8), 20mM MES, 
100mM EDTA, 20mM benzamidine, 10mM phenylmethylsuiphonyl flouride and 
7mM -mercaptoethanol (usually lml of buffer was used to resuspend 0.25 to 0.4g 
of cell paste). Cells were lysed by sonication in 30 second bursts, 1 minute of 
sonication for every ig of cell paste. This cellular lysate could by loaded directly 
onto PAGE gels or separated into soluble and insoluble fractions by centrifugation at 
1 1000g for 30 minutes at 4°C. 
12.4 Labelling proteins with 35S Cysteine 
Freshly transformed cells were diluted 1 in 40 in 25ml L-broth (with 
ampicillin) and grown up to 0D590 of 0.4. lml of cells was harvested by 
centrifugation at 11 OOOg  for 5 minutes at 4°C, resuspended in lml M9 media and re-
harvested as before. The cells were resuspended in lml of M9 media with antibiotic 
and 10i1 of an 18 amino acid mix (2%) was added (no cysteine or methionine). The 
culture was grown at 37°C for 60 minutes and then induced with 0.5mM IPTG for a 
further 30 minutes. lOp! of rifampicin (20mg/mi) was added and the culture grown 
for a further 30 minutes. 0.5m1 of the culture was transferred to an Eppendorf tube 
and lOp.0 35S cysteine was added in 0.5m1 M9 media and this grown at 37°C for 5 
minutes. The cells were harvested by centrifugation at 1 1000g for 5 minutes and 
resuspended in 60jil of SDSIPAGE loading buffer and lysed by boiling for 5 minutes 
prior to loading onto a gel. 
12.5 Purification of HBcAg fusion's 
This method is based on that described in Stahl and Murray (1989). 500m1 of 
L-broth (with ampicillin) was inoculated with 5m1 of a fresh bacterial culture of 
NM522 (containing the plasmid pPT8), this was incubated at 37°C until OD6501. 
The culture was induced with 0.5mM IPTG overnight and the cells were harvested 
by centrifugation at 13000g for 10 minutes, all procedures from now on were at 4°C. 
The cell pellet was resuspended in 5m1 50mM Tris (pH 8), 1% Triton X100 and 
sonicated in lml aliquots for 3x 15 second bursts. The debris was removed by 
centrifugation at 11 OOOg  for 20 minutes. Protein was precipitated by addition of 
(NH4)2SO4 to 35% saturation and harvested by centrifugation at 13000g for 10 
minutes. The protein was resuspended in 2m1 of 50mM Tris (pH 8) and dialysed 
against 21 of 50mM Tris (pH 8) overnight. The protein solution was applied to a 
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50ml sepharose 4B gel filtration column (equilibrated and washed with 100mM 
NaHCO3, 0. 1mM phenylmethylsuiphonyl flouride, and 0. 1mM benzamidine) and 
5m1 fractions collected. The fractions were run on a 12% SDSIPAGE and those 
containing the most HBcAg-fusion protein were centrifuged at 100000g for 1 hour 
and the pellet resuspended in 200p1 50mM Tris (pH 8) and stored at -20°C. 
12.6 Partial purification of methylases 
Based on the method outlined in Meister et al. (1993). Two buffers were 
used throughout the purification:- 
Buffer A: 20mM Tris (pH 8), 50mM NaCl, 5mM MgC12. 
Buffer B: 20mM Tris (pH 8), 50mM NaCl, 0.5mM EDTA, 7mM 1-
mercaptoethanol. 
Freshly transformed cells were diluted 1 in 100 in 21 of L-broth with 
antibiotic and grown overnight at 37°C, the cultures were grown with vigourous 
shaking in volumes that did not exceed 0. lx volume of the flask. The cells were 
harvested by centrifugation at 6000g for 10 minutes, all procedures from now on 
were at 4°C. The cells were resuspended in 25ml buffer A and sonicated for 30 
second bursts, 1 minute of sonication for every gram of cell paste. The sonicate was 
clarified by firstly centrifugation at 17000g for 20 minutes and secondly 
centrifugation at 100000g for 2 hours. NaCl was added to 400mM and , 0.04x 
volume of 10% neutralised polyethylenemine was added slowly with gentle stirring. 
for 30 minutes and the sonicate again cleared by centrifugation at 20000g for 30 
minutes. The protein was precipitated by addition of (NH4)2SO4 to 70% saturation 
and harvested by centrifugation at 20000g for 30 minutes. The pellet was 
resuspended in lOmi buffer B and dialysed against 2 litres buffer B overnight. The 
protein was applied to a 40m1 DEAE-Sephacel column (equilibrated and washed 
with buffer B) and protein was eluted with a 50mM to 1M NaCl gradient. Fractions 
were run on SDSIPAGE and analysed for the presence of the methylase by Western 
blot analysis. Fractions containing the methylase were stored at -20°C in 15% 
glycerol. 
12.7 In vitro DNA methylation 
The method is based on that outlined in Meister et al. (1993). The reactions 
were performed in 10mM Tris (pH 7.5), 50mM NaCl, 10mM EDTA, 5mM - 
mercaptoethanol. Reactions were carried out in either 100 or 50j.tl volumewith 
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50ng4tl substrate DNA, 0. lx volume of partially purified methylase and 1 .tM 5-
adenosyl [methyl- 3H] methionine. Reactions were incubated at 37°C for 12 to 14 
hours and then phenol/chloroform extracted and ethanol precipitated, the pellet was 
resuspended in 0.5x original volume of reaction buffer and analysed either on a non-
denaturing PAGE gel or more usually on 0.8 to 1.2% TBE/Agarose (low melting 
point) gels. The non-denaturing PAGE gels were fixed in 10% methanol, 10% 
acetic acid for 30 minutes and then in Arnersham "Amplify" flourographic reagent 
for 30 minutes before being exposed to (pre-flashed) Amerham hyperfilm MP. 
Labelled plasmid or phage DNA was digested with type II endonucleases 
before being run on low melting point agarose gels. The agarose containing DNA 
was cut out of the gel and melted in 2.5m1 of EcoScint A scintillation solution 
(National Diagnostics, Georgia, USA) and the counts per minute measured in a 






Deletion derivatives of HsdS 
Introduction to IA family hsdS deletion derivatives 
The amino TRD of the type I HsdS subunits has been shown to determine the 
specificity of the trimeric component of the bipartite DNA target sequence (see 
chapter 1). Deletion derivatives of the HsdS subunits of StySPI and StySQ IA 
systems lacking their N-terminal TRD (see figure 1.3a) showed no detectable StySPI 
or StySQ restriction or modification phenotype, in the presence of wild type HsdR 
and HsdM. But when these deletion derivatives were expressed in an E.coli strain 
(BMH7 1-18) that is phenotypically rK mK they induced a rK mK phenotype 
(Gann, 1988). These truncated HsdS subunits were produced by an in-frame fusion 
from the Hindill site in the lacZ sequence polycloning site of pUC 13 and the Hindu 
site at the 3' end of the 5' variable region in the StySPI and StySQ hsdS genes. The 
first seven amino acids of -galactosidase from the lacZ gene of pUC13 (under the 
control of the lacZ promoter) are fused to the start of the central conserved region 
(residue 15 1) of the HsdS subunits. The ability of these truncated HsdS subunits to 
abolish the restriction and modification activity of the hosts R-M system was 
attributed to inter-subunit interactions; the truncated HsdS subunits sequestering the 
HsdM and possibly also HsdR away from full length HsdS (Gann, 1988). The 
pUC13 derivative plamids carrying the truncated hsdS genes (pAG4 for StySPI and 
pAG10 for StySQ) were further tested by expression in E.coli strains carrying the IA 
restriction systems EcoKI, EcoBI, StySPI and StyLTIII, and also two strains 
carrying the recombinant systems StySQ and StySJ. A comparison of the restriction 
of unmodified ? virulent phage (?vir.0) by strains carrying these plasmids to that by 
the same strains with only the vector plasmid (pUC13) showed that expression of the 
truncated Salmonella hsdS genes almost completely abolished restriction in all of 
these IA family members. However, neither of the truncated hsdS genes had a 
significant effect on the level of restriction in an E.coli strain carrying the hsd genes 
from E.coli 15T (EcoAl) a member of the lB family of type I enzymes. This 
suggests that the truncated HsdS subunits are interacting with the other subunits of 
the R-M system in a family specific manner, strengthening earlier evidence which 
shows that only members of the same family can interchange subunits (see chapter 
1). It is possible that the HsdS conserved regions may be involved in such inter-
subunit interactions and more specifically the repeated sequence within these 
conserved regions would provide an ideal region to which two identical subunits 
(HsdM or possibly HsdR) could bind. These HsdS deletion derivatives do not form 
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active R-M systems, in contrast to the IC family C-terminus deletion derivatives (see 
chapter 1), this may be because the IA N-terminal deletion derivatives retain two 
conserved regions and so dimerisation is prevented. 
Construction of EcoKi hsdS deletion derivative 
In order to determine whether the phenotypic change observed with the 
Salmonella truncated HsdS subunits could also be seen for the EcoKiI HsdS subunit a 
similar deletion derivative was constructed. A. DNA carrying the E.coli K-12 hsd 
genes (A. NM 1048) was cut with HindIll, and a resulting 1.8 kb DNA fragment, 
carrying the 3' part of the hsdS gene, was purified from a 0.8% agarose/TBE gel. 
This was ligated with pUC13 plasmid DNA that had been cut with Hindffl. NM522 
cells were transformed with the ligated DNA and a clone was isolated that encoded 
the expected fusion between the first seven amino acids encoded for by the LacZ 
•gene and residues 151 to the C-terminus of the HsdS peptide encoded for by the 
hsdS gene. The plasmids containing the insert were differentiated on the basis of the 
blue/white colony screen, in the presence of IPTG, and X-gal. The plasmid 
encoding the HsdS deletion derivative, pPT2, see figure 3.1 a, is analogous to the two 
Salmonella deletion derivative plasmids pAG4 and pAG 10 (see chapter 1, figure 
1.3a). Expression of the truncated EcoKI hsdS gene was induced, by addition of 
IPTG, in E. coli strains carrying IA hsd genes specifying each of three different 
restriction specificities, and the restriction phenotypes assessed, see table 3.1. 
The results show that pPT2 produces the same phenotypic effect as the two 
Salmonella deletion plasmids pAG4 and pAG1O, in the IA family restricting strains. 
Also, when the plasmid pPT2 was expressed in a strain (WA2899) carrying the 
EcoAI R-M system, the archetypal lB family member, this plasmid did not affect the 
restriction phenotype, as expected if the effect is family specific, see table 3.1. 
Construction of EcoAl hsdS deletion derivative 
In the course of experiments discussed later (see section on construction of 
lB family hybrid hsdS genes, chapter 5) a deletion of the hsdS gene of EcoAI was 
made. A pBR322 derivative plasmid including the EcoAI methylase genes was cut 
with BamHI endonuclease and then self-ligated. A clone was isolated that contained 
the EcoAI hsdS gene deleted from the BamHI site in the 5' conserved region (168bp 
from ATG start codon) to the BamHI site in the central conserved region (1035bp 
from the start). This produced an in-frame deletion which removed the entire 5' 
variable region and flanking sequences (a 289 amino acid deletion derivative), see 
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Figure 3.1 Deletion derivatives of HsdS 
Figure 3. la The full length wild type EcoKI hsdS gene is shown with conserved 
and variable regions indicated (conserved regions are shaded), as well as the position 
of the Hind][H site at the end of the 3' variable region. The deletion derivative which 
includes 21bp from the lacZ gene (shown in black) at the 5' end, is shown 
underneath the wild-type subunit, the product of this gene appears to be able to 
interact with HsdM and possibly HsdR, but is unable to form an active R-M system. 
Figure 3. lb The full length wild type EcoAI hsdS gene is shown with conserved 
and variable regions indicated (conserved regions again shaded) and the BamHI sites 
which were used to create the deletion, shown below. The deletion derivative has a 
hybrid 5' conserved region and lacks the original 5' variable region, the product of 
this gene appears to be unable to interact with HsdM or HsdR or produce a 
functional R-M system, as discussed in the text. 
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Table 3.1 	Effect of truncated HsdS subunits upon wild-type 
restriction. 
Table 3.1a. 	This shows the efficiency of plating (eop) of Avir.O on the strains in 
the left hand column carrying the plasmids shown in the top row, relative to a non-
restricting strain NM522. The restriction. specificity of the strains is indicated in the 
left hand column K, B, SP, and A correspond to EcoKT, EcoBI, StySPI and EcoAI 
respectively. pUC18 is a control plasmid and pAG4, pAG10 and pPT2 carry the 
truncated hsdS genes from StySPI, SIySQ and EcoKI respectively. 
Plasmid 
pUC18 pAG4 pAG10 pPT2 
Bacterial Host 
NM522 (r) 9x10 1 	 , 1.1 1 1 
C600 (rK) 7x10 5 8x10 2 2x10 2 5x10 2 
NM661 (rB) 5x10 3 4x10 2 5x1O 8x1O 
L4002(rp) 4x10 4 lxlO 2x10 1 2x1O 
WA2899 (rA) 3x10 2 5x10 2 2x10 2 6x10 3 
Table 3. lb. This shows the effect of the HBcAgJHsdS fusion upon restriction by 
EcoKJ (in the strain C600). ptacHpall is a control and pPT8 is carries the gene for 
the HBcAgIHsdS fusion. The table is in the same format as 3.1a, the values are the 




NM522 (r-) 	9x1O 1 	 1 
C600(rK) 	4x10 5 	 1x104 
figure 3.1b. This deletion derivative (pPT22), when expressed in a strain carrying 
the EcoAl R-M system showed no effect upon restriction or modification of ?V.0. 
Also the resultant polypeptide was unable to interact with HsdR and HsdM to form 
an active restriction enzyme as assayed by the lack of detectable restriction of ?V.0 
or AV.A by an EcoAI hsdR strain (NM555) carrying pPT22. 
Discussion 
These hsdS deletions, along with those made previously in the IA and IC 
family, give us some information on the inter-subunit interactions within the R-M 
system as well as structural organisation of the HsdS subunit. The IC family 
deletion derivatives lacked the C-terminal TRD and C-terminal conserved region, 
leaving the N-terminal TRD and central conserved region. The resulting plasmid 
produced an active HsdS subunit apparently capable of dimerisation, and the 
function of this subunit was dependent upon the entire central conserved region 
being present (Meister etal., 1993; Abadjieva et al., 1993), as discussed in chapter 1. 
The IA family deletion derivatives lacked only the N-terminal TRD and were not 
capable of forming an active subunit, the presence of two conserved regions 
(compared to one for the IC deletions) may sterically or otherwise prevent 
dimerisation of the subunits, particularly if the models of Willcock et al. (1994), 
Kneale (1995) and Dryden et al. (1995) are correct. The IA family truncated HsdS 
subunits are postulated to bind to HsdM and possibly HsdR subunits sequestering 
them from wild type full-length HsdS subunits and, as such they are acting as 
competitive inhibitors. These interactions are possibly mediated through either one 
or both of their two conserved regions. The lB family deletion (on the pPT22 
plasmid) is more analogous to the IC family deletions as it contains one complete 
conserved region, all be it a hybrid of the N-terminal conserved region and the C-
terminal part of the central conserved region. It is not clear why this lB family HsdS 
deletion derivative gave no phenotypic effect, it would be expected either to act as 
one or other of the -two types of deletions already discussed (in the IA and IC 
family). The inter-family conserved repeat identified by Kannan et al., 1989 is 
present twice in pPT22 as it is in the IA family deletions although the long intra-
family conserved repeat is present only once as in the IC family deletions. A 
dominant negative phenotype, as seen with the IA deletions, may be masked by the 
presence of the hsdM gene on the plasmid pPT22, excess HsdM subunit may prevent 
the truncated HsdS. subunit from sequestering all of the available HsdM subunits in 
the cell. In the absence of any phenotypic effect it has not been possible to 
determine, at least at the genetic level, if the deletion derivative is able to interact 
with the other subunits of the R-M system and whether or not it is capable of 
forming a functional subunit. Clearly the inter-subunit interactions between the 
HsdS subunit and the HsdM and possibly also HsdR subunits can be implicated to be 
largely confined to the conserved regions of the specificity polypeptide. 
Strategy to make exonuclease Ill based hsdS 
deletions 
introduction 
In order to define the functional domains within the EcoKI HsdS subunit 
more precisely, a strategy was designed to use an exonuclease lU based method to 
make both 5' and 3' deletions into the hsdS gene. This was done with the intention of 
over-expressing the partially deleted genes and studying the truncated polypeptides, 
in vitro, to assess their association with HsdM and DNA, in addition to determining 
any phenotypic effect of the deletion derivatives on the full R-M system. 
Exonuclease III removes nucleotides sequentially from the 3' termini of 
double stranded DNA (Weiss, 1976; Rogers and Weiss, 1980), leaving extended 
single stranded 5' ends. In conjunction with Si nuclease, which degrades the single 
stranded DNA, exonuclease Ill can be used to make deletions from the ends of linear 
DNA fragments (Maniatis et al., 1982). Henikoff (1984) used this method to 
construct a series of nested deletions in a Drosophila DNA insert in the Ml3mpi8 
vector. He found that exonuclease III processed along the DNA at a uniform rate 
and that four base 3' protruding ends were resistant to degradation. Hence sets of 
unidirectional deletions could be generated by allowing the exonuçlease III to 
degrade a d.s. DNA sample for various lengths of time to produce various length 
deletions, then treating with Si nuclease to remove the extended 5' ends. The 
products of the desired size are then made blunt at their ends, self-ligated and the 
appropriate strain transformed, see chapter 2. 
Initially a plasmid construct was made by digesting the plasmid pPK7 (a 
plasmid containing the EcoKI hsdM and hsdS genes) with BamHI and Sail, isolating 
the 2.5kb fragment contained the hsdS gene and ligating this with pUC18 cut with 
BamHI and Sall. The white colonies detected in the presence of IPTG and X-Gal, 
were checked by digesting DNA mini-preparations to identify a 2.5kb insert. The 
resulting plasmid (pPT3, figure 3.2) contained the 3' end (c.220bp) of the hsdM gene 
and the hsdS gene as well as approximately 1kb of downstream sequence. This 
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Figure 3.2 The pPT3 vector used for making exonuclease Ill 
deletions. 
The plasmid pPT3 contains the whole of the EcoKI hsdS gene and the 3' 
end of the hsdM gene, ligated with pUC18 as a BamHI-Sall fragment. By 
digesting the plasmid with KpnI and BamHI, 5' deletion derivatives of the 
hsdS gene can be made using exonuclease III to degrade the linearised 
plasn-iid. 3' deletion derivatives of hsdS can be made by in a similar way 
after digesting the plasmid with PstI and Sail. The pUC 18 sequence carries 
the 3-lactamse gene and so renders cells carrying this plasmid ampicillin 
resistant. The f3-galactosidase gene covering the pUC 18 poly-linker site is 
interupted and so in the presence of IPTG and X-Gal, cells caning pPT3 
produce white colonies. 
KpnI BamHI 








plasmid allows the 3' end of the hsdS gene to be deleted with exonuclease ifi from 
the Sail site and the vector is protected from degradation by cutting with PstI, which 
has a four base 3' overhang. Hence pPT3 cut with Sail and PstI will be 
undirectionally degraded by exonuclease ifi in the direction of the 3' end of the hsdS 
gene. Also the pPT3 plasmid can be used to make 5' deletions into the hsdS gene in 
a similar way. After digesting with KpnI and BamHI, the vector is susceptible to 
exonuclease III degradation from the BamHI site towards the 5' end of the hsdS 
gene, and the vector is protected as KpnI cleavage produces a four base 3' overhang. 
Only a third of the deletions entering the 5' end of the hsdS gene are expected to be 
in frame with the start of the iacZ gene when they are ligated, however, it was 
anticipated that the peptide products visualised on a SDSIPAGE gel would make it 
clear which constructs were in frame. 
Results and discussion 
Deletions of the hsdS gene were made using the method discussed above, 
based on that of Henikoff (1984) and Henikoff (1987), see chapter 2. Both 5' and 3' 
deletions were made and the linear products from the reaction were visualised on a 
0.8% agarose/TBE gel (data not shown) confirming they had been sequentially 
reduced in size with increasing time of incubation with exonuclease III. These 
blunt-ended linear products were self-ligated and NM522 cells were transformed 
with the resulting deleted plasmids. In order to see the size of the deletions and as a 
prelude to purifying the full-length and truncated HsdS peptides, these deleted 
plasmids, along with the positive control of full-length hsdS (pPT3) were induced, 
for 2 to 6 hours with IPTG, see chapter 2. None of the plasmids tested, including 
pPT3, produced a peptide that could be seen on a 12% SDS/PAGE gel either in the 
soluble or insoluble cellular lysate (data not shown). In vivo tests demonstrated that 
HsdS was being produced by pPT3 as this plasmid could complement the 
chromosomal copies of EcoKI hsdR and hsdM in NM496 to produce and functional 
R-M system, as determined by this strain's ability to restrict unmodified phage. The 
further analysis of the deletions depended upon isolation of the hsdS gene product 
and its deletion derivatives. 
Overexpression of EcoKI hsdS 
In order to study the HsdS subunit and its deletion derivatives a method of 
overexpressing the hsdS gene in order to produce sufficient quantities of HsdS 
subunit for purification was required. Two plasmids were constructed that again 
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contained the 2.5kb DNA fragment from pPK7 (BamHI to Sall) which contains the 
hsdS gene. These included the plasmid pPT4 made by ligating the BamHI to Sail 
hsdS fragment from pPK7 with pJFl 18EH also cut with BamHI and Sail (Furst et 
al., 1986). A derivative of the related vector pJF118HE has been successfully used 
for overexpression of the EcoKI hsdM and hsdS genes and subsequent purification of 
the EcolU methylase (Dryden et al., 1993). The tac promoter of pPT4 was induced 
with IPTG for varying times but again no HsdS product was visible on SDSIPAGE 
gels (data not shown). Also the plasmid pPT5 that contains the hsdS BamHI to Sail 
fragment from the pPK7 plasmid in the pT7-5 plasmid (Tabor and Richardson, 1985; 
Tabor, 1990) was constructed, this contains the promoter of 010 of phage T7 
upstream of the polycloning site. pPT5 was induced with IPTG in the strain BL21 
(DE3), the DE3 prophage contains the T7 RNA polymerase gene under the control 
of the lac promoter, see chapter 2. In all cases no peptide product was visible on a 
10% SDSIPAGE gel (data not shown). The pPT2 deletion derivative of HsdS 
lacking the amino-TRD was induced in a similar way and assayed for truncated 
HsdS production, again using SDSIPAGE, but none was observed. The plasmid 
pPT5 in the strain BL21(DE3) was induced in the presence of 35S-cysteine but even 
with rifampicin which blocks E.coii gene expression, see chapter 2, no HsdS peptide 
was detected by autoradiography of a 10%SDS/PAGE gel. As these 
transcriptionally enhanced vectors do not produce sufficient quantities of HsdS 
subunit for visualisation on SDS/PAGE it was decided to attempt to monitor the 
production of the HsdS subunit using specific antibodies. 
Strategy to make HsdS antibodies 
Antibodies raised against the purified EcoKI methylase recognised both the 
HsdM and HsdS peptides although the HsdS peptide was recognised weakly (Lynn 
Powell, pers. comm.). Cellular lysates from cells containing the plasmids pPT4 and 
pPTS plasmids, discussed in the previous section, were tested with this antibody, by 
Western gel analysis of SDS/PAGE gels (see chapter 2), but no HsdS was detected 
(data not shown). To aid purification of the EcoKT HsdS subunit and to detect any 
deletion derivatives it would be useful to have specific antibodies which recognised 
HsdS at a low concentration, particularly as the concentrations of HsdS produced by 
the conventional transcriptionally enhanced vectors appears to be less than that 
recognised by the methylase antibodies. As no pure, isolated HsdS peptide was 
available it was decided to produce a fusion of the hepatitis B core antigen (HBcAg) 
and HsdS. Stahl and Murray (1989) showed that HBcAg fusions displayed both the 
Ea:I 
epitopes of the HBcAg and additional sequence fused to them, and as had been 
observed previously it was possible to overexpress HBcAg in E. coli (Burrell et al., 
1979). 
Construction and purification of HBcAgIHsdS fusion 
The plasmid ptacHpall (Stahl and Murray, 1989) was cut with HindIll this 
was ligated with a 1.8kb HindlIl DNA fragment from pPK7, containing the hsdS 
gene lacking its 5' variable region (the same DNA fragment used to produce pPT2). 
The recombinant plasmid (pPT8) encoded the first eight amino acids of f3-
galactosidase joined to amino acid three to 144 of HBcAg, fused to amino acid 150 
at the carboxy end of HsdS, all under the control of the tac promoter. This 
recombinant plasmid was modified with EcoKiI specificity by growth in ED8654 
cells and then transferred to C600 cells (EcoKT hsd). pPT8 expressed in C600 cells 
induces a 40-fold reduction in restriction compared to C600 alone or C600 with the 
ptacHpall plasmid (see table 3. lb), implying that a fusion protein is being produced 
which acts in a similar way to the product of pPT2 (the dominant negative 
phenotype, see earlier results section in this chapter). The tac promoter was induced 
with IPTG to overexpress the HBcAg/HsdS fusion in NM522 cells and protein 
purified as described in Stahl and Murray (1989) (see chapter 2). This resulted in 
pure protein of approximately molecular weight 50kDal, based on SDS/PAGE, see 
figure 3.3. 
Two rabbits were injected with the HBcAg/HsdS fusion protein by Glynis 
Leadbetter in the Medical Microbiology department at Edinburgh University. A pre-
inoculation bleed, two test bleeds and the final bleed, were taken and tested against 
various concentrations of pure EcoK]I methylase which had been run on a 10% 
SDS/PAGE in all cases there was no response on Western blot anaysis. A non-
denaturing PAGE gel also gave no signal with the various test samples (data not 
shown). The anti-methylase antibodies (from Lynn Powell) were used as a positive 
control to confirm that the Western blot detection procedure against the methylase 
was functional. 
Figure 3.3 Purification of HBcAg/HsdS fusion protein 
The three SDS/PAGE gels opposite show samples from successive stages of the 
purification of the HBcAgJHsdS fusion protein outlined in chapter 2. 
12.5% SDSIPAGE coomassie stained gel. 
lane 1 Molecular weight markers. 
lane 2 lOpi of soluble cellular protein (after sonication and centrifugation). 
lane 3 10pl of insoluble cellular debris. 
lane 4 2pJ of soluble cellular protein. 
lane 5 2p1 of insoluble cellular debris. 
10% SDSJPAGE coomassie stained gel. 
lane 6 Molecular weight markers. 
lanes 7, 8 and 9 are 7jtl of sucessive fractions from the sepharose 4B gel 
filtration column, shown to contain the most HBcAgIH5dS fusion protein. 
12.5% SDS/PAGE coomassie stained gel. 
lane 10 Molecular weight markers. 
lane 11 lOpi of HBcAgIH5dS fusion prior to final 100000g centrifugation. 
lanes 12, 13, and 14 are 10, 5, and ipi of the final preparation (after ultra-
centrifugation) of HBcAg/HsdS fusion protein, respectively. 
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The inability of the fusion protein to produce antibodies specifically against 
the HsdS subunit could be attributed to a number of causes. The conformation of the 
carboxy-half of the HsdS subunit may be different in the HBcAg/HsdS fusion 
protein to that of the wild-type HsdS subunit. The separate domain structure that has 
been suggested for HsdS (see chapter 1) would have suggested that at least the 
carboxy-TRD and carboxy-conserved region would fold independently of the amino-
part of the protein, although this may not be the case in this context. In the 
experiment of Stahl and Murray (1989) the length of the peptides fused to the 
HIBcAg were much smaller (15-65 amino acids) than the carboxy-part of HsdS (314 
amino acids) and the authors suggest that large fusions may not be stable. However, 
no obvious degradation of the HBcAgJHsdS fusion was seen during the purification. 
Conclusions 
The small quantities of EcoKI HsdS subunit produced by placing an efficient 
promoter upstream of the hsdS gene may reflect features of hsdS expression and 
translation in vivo. The hsdM gene overlaps the hsdS gene by four bases, the 
sequence reads 5' GGA ATIi  AAG 3' where the stop codon of hsdM is 
underlined and the start codon of hsdS is in bold. 
This may imply that there is translational coupling between hsdM and hsdS 
where no separate ribosome binding site is used at the start of hsdS. However, there 
is a sequence at the start of hsdS 5' GGTGAAGGAATG 3' (start codon in bold) 
which has some identity to the consensus Shine-Dalgarno sequence 5' UAGGAGG 
3'. Also the plasmid pPT2, which has been discussed earlier in this chapter, contains 
a fusion of -galactosidase and HsdS that did not produce large quantities of protein 
when induced. It may be that the HsdS subunit for some reason is toxic to the 
bacterial cell when produced in the absence of HsdM, making the plasmid unstable. 
Any toxicicty problem should be overcome in the T7 promoter system which 
produces negligible quantities of protein in the absence of induction, although 
reportedly this plasmid may express low levels of protein, in the absence of T7 
polymerase (N. Murray observed a rK+ phenotype with a T7 promoter plasmid 
carrying the EcoKI hsdR gene complementing chromosomal copies of hsdM and S, 
in a strain lacking the T7 polymerase gene). The HBcAg fusion was expressed 
sufficiently for purification although the failiure to raise antibodies with this 
construct may indicate that the HsdS fusion did not fold correctly. Low levels of 
ONJ 
protein are clearly being produced with the hsdS plasmids (pPT4, and pPT5) as an 
hsdS+ genotype can be observed. 
Recently a plasmid was made by Markus Winter in this laboratory in which 
the hsdM and hsdS genes were under the control of the T7 gene 10 promoter, and the 
5' 441 bp of hsdM had been deleted. This plasmid was produced in order to make a 
methylase containing a truncated HsdM subunit, however, on induction no HsdM 
subunit was visible on SDSIPAGEbut HsdS was present, although in a insoluble 
form. It is not immediatly clear why this plasmid should produce HsdS, but this 
construct may enable further in vitro work on the HsdS subunit, if the solubility 
problem can be overcome. 
In light of the deletions made in the IC hsdS genes (Skrzypek and 
Piekarowicz, 1989; Meister et al., 1993; Abadjieva et al., 1993) and the resulting 
functional HsdS subunits, it may have been more advantageous, retrospectively, to 
pursue an in vivo phenotypic analysis of the exonuclease III deletions rather than the 
unproductive in vitro analysis. However, at the time of this work the approach was 
adopted to study regions of the HsdS subunits and there interactions with DNA 






ISOLATING TRD SEQUENCES 
Introduction 
Information derived from the sequences of the hsdS genes of the type I R-M 
systems indicated the functional regions or domains within the HsdS subunit, as 
discussed in chapter 1. This lead to a number of experiments based upon these 
observations which demonstrated that the variable regions within the hsdS genes 
encode the TRDs and the conserved regions encode sequence which appears to be 
involved in inter-subunit interactions and to serve as a spacer between TRDs. 
Further analysis of both the hsdS genes and the predicted amino acid sequences of 
the HsdS subunits reveals other characteristics which may be of functional 
importance for the R-M systems and more specifically may indicate the mechanisms 
by which new DNA target specificities are generated. 
DNA sequence characteristics of the hsd variable 
regions 
The sequence of the so-called "variable regions" varies from 384 to 567 base 
pairs for different hsdS genes and these sequences show some striking differences 
from the conserved regions of the hsdS gene. The DNA sequences of the hsdS genes 
differ in G+C content (the percentage of guanine and cytosine base pairs compared 
to the total) from other genes. The conserved regions have a G+C content 
comparable to other E.coli genes of approximately 50% (Dila et al., 1990), the 
sequences encoding the TRDs have a much lower G+C content of approximately 
40%. Raleigh (1992) noted that the G+C content of mcrBC was around 40% 
compared to 50% for bulk E.coli DNA showing that mcrBC G+C content was more 
similar to enterobacteriae such as Proteus, or more distantly related Bacillus 
thuringiensis or Streptomyces spp., than E.coli. mcrBC is just downstream of the 
hsd genes in E.coli K-12 which together form part of the immigration control region 
(ICR; Raleigh et al., 1989; Kelleher and Raleigh, 1991). It seems that the ICR 
whilst being allelic in the sense that it is situated at the same position on the bacterial 
chromosome even for members of different hsd families, is able to aquire genes from 
other species possibly by transposition and/or homologous recombination. It should 
be noted that not all E.coli strains carry all of the ICR region, and at least one strain, 
E.coli C, lacks the whole region. 
Using the GENEMARK computer software (Borodovsky et al., 1993), which 
is designed to look for organism specific genes within large DNA sequences (see 
chapter 2), the hsdR and hsdM open reading frames of E.coli K-12 are clearly 
predicted to be used with the E.coli codon preference (data not shown). 
Interestingly, the hsdS gene does not show this high probability of encoding an 
E.coli gene, rather the two conserved regions show a high coding probability whilst 
the variable regions have a low coding potential, see figure 4.1 a. This distinction is 
not as clear if the codon usage table for mobile DNA sequences is used, areas within 
the variable regions are shown to have a higher coding potential; see figure 4.1b. 
This observation supports the suggestion that sequences encoding TRDs may have 
been aquired by horizontal transfer from another strain 
Predicted characteristics of HsdS subunits 
Isoelectric points 
The isoelectric point (p1) of a protein is the pH at which the overall charge of 
that protein is zero, so if a protein has largely acidic residues then the protein will 
have a low p1 and if a protein has largly basic residues the protein will have a high 
p1. Proteins with a low p1 are negatively charged at a neutral (or physiological) pH 
where as proteins with a high p1 are positively charged at a neutral pH (see Edsall 
and Wyman, 1958). The predicted isoelectric points of the IA family HsdS subunits 
has been shown to be unusually high (c. pH 10) as predicted with the UWGCG 
ISOELECTRIC software (see chapter 2; Dryden et al., 1993). The IA family HsdM 
subunits have a much lower predicted isoelectric point (c. pH5) and this suggests 
that the electrostatic interactions between the IA HsdM and HsdS subunits may play 
an important role in their association, or the high p1 of the HsdS subunits may be 
involved in association with the DNA. However, this dramatic difference in 
predicted isoelectric points is not seen with the other two main families of type I 
enzymes, and so may represent a functional feature common only to the IA family. 
There is no obvious difference in the predicted isoelectric points of the TRDs 
compared to the conserved regions of the HsdS subunits for any of the families of 
type I enzymes. 
Secondary structure 
No three-dimensional structural data are available for the HsdS subUnits 
(with the exceptions of the cross-linking and proteolysis experiments with EcoKT 
methylase discussed in the introduction). The secondary structure of the HsdS 
Figure 41 GeneMark open reading frame predictions for hSdSK. 
Figure 4.1a is a section of the results of a Genemark analysis of hsdSKwith the E.coli 
codon preference table. Only the first of the six reading frames are shown, the graph 
shows on the x-axis the nucleotide positions for the hsdSK gene and the y-axis 
represents the probability (from 0 to 1) associated with the protein-coding property. 
The grey bar indicates where a gene is predicted. It is clear from the graph that only 
two regions corresponding with the conserved regions of hSdSK show a high 
probability of encoding a gene with the E.coli codon preference table. 
Figure 4. lb is a section of the results of a Genemark analysis of hsdSKwith the E.coli 
"horizontally transferred genes" codon preference table. The conventions are as 
described above. Clearly the prediction is very different from figure 4.1 a, a much 
larger region of the hsdSK gene is predicted to have coding potential, including 
regions within the variable regions. 
The same patterns are seen with EcoAl hsdS and EcoR124I hsdS, using the two 
different codon preference tables (data not shown). This data supports the 
arguement that the sequences encoding TRDs have been transferred from other 
bacterial strains. 
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Figure 4.1 GeneMark open reading frame predictions for hSdSK. 
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Figure 4.1b Prediction of hsdSKopen reading frame with E.coli horizontally 













subunits can be predicted using various computer programs, the approach used was 
the PredictproteinlPHD program (Rost and Sander, 1993a; see chapter 2). The 
conserved regions are predicted to contain largely (X-helix secondary structure which 
is predicted with a relatively high probability using the PHD software. For 
characterised HsdS subunits of the [A family, the output from the Predictprotein 
program is shown in figure 4.2 for the conserved regions. A helical structure of the 
conserved regions is consistent with there role as spacers between TRDs (Gubler and 
Bickle, 1991). The TRD sequences do not readily align with each other and so it is 
not possible to predict with any accuracy their secondary structure for members of 
the same family. However, some TRD sequences do align with each other, see the 
next section, and as more of these TRD sequences become available it may be 
possible to make secondary structure predictions about the TRDs. 
TRDs specifying the same DNA target 
As mentioned previously (see chapter 1), it was shown that HsdS subunits 
which recognise similar or identical DNA targets show some sequence similarity. 
The most striking example is the comparison between the amino TRDs of EcoKI and 
StySPI which both specify the trinucleotide target 5' AAC and the TRD amino acid 
sequences are 90% identical (89% at the DNA sequence level), see figure 4.3a. This 
implies that these two TRDs act in a very similar way in specifying their DNA 
targets, however with such a high degree of similarity it is not clear which specific 
regions within the TRD are important for DNA recognition. Another example of 
sequence similarity corresponding to identical DNA targets are the HsdS amino 
TRDs of EcoAI and EcoEI of the lB family and StyLTIII of the IA family, which all 
recognise the trinucleotide target 5' GAG and whose TRD sequences share 40% 
amino acid identity, see figure 4.3b. In this case the amino acid sequence identity is 
considerably less than for the EcoKI and StySPI TRDs and more importantly there 
are particular regions within the TRD which are highly similar and other regions 
which are largely different. From figure 4.3b it can be seen that the region around 
amino acid 60 (KKWXXVKKGXT) and the region around amino acid 80 
(AKITPCFENXKA) are both highly conserved across these three sequences, 
suggesting their involvment in recognising the 5' GAG trimeric DNA target. This 
sort of alignment of amino acid sequences of domains that recognise the same DNA 
target highlights residues that may define sub-domains within the TRDs which are 
critical in interacting with the DNA. 
Figure 4.2 Output from the PredictProtein PHD secondary structure 
prediction program. 
A small section of the output from the PredictProtein program is shown opposite. 
The Predictprotein output is based on five IA family HsdS sequences (EcoKI, 
EcoBI, EcoDI, StySPI and StyLTffl). For each section of sequence there are eight 
lines of data. The first line represents the distance from the start of the amino acid 
sequence (0. lx number residues), the central conserved region extends from residue 
158 to 210 and the carboxy conserved region extends from residue 371 to the end. 
The second line (marked AA) shows the amino acid sequence of the first sequence in 
the alignment, in this case EcoKI. The third line (marked PHD) shows the profile 
network prediction of the secondary structure, where H represents (X-helix, E 
represents 13-strand and blank spaces represent loops. The fourth line (marked Re!) 
shows the reliability index of the prediction given above, 0-lowest to 9-highest. 
After a space the next three lines show the probability of assigning (X-helix (prH), 13-
sheet (prE) and loops (prL) respectively (0-lowest to 9-highest). The final line 
(marked subset: SUB) shows a subset of the prediction where the expected 
probability of assigning individual residues is greater than 82% and H, L and E 
represent a-helix, 13-sheet and loops respectively and dots shows the positions where 
no prediction is given. 
As can be seen from the figure opposite both conserved regions show extensive 
regions that are predicted to contain a-helix. 
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Figure 4.2 Output from the PredictProtein PHD secondary structure 
prediction program. 
Central conserved region 
12 ........13 ........14 ........15 ........16 ........17 ........1 
AA IFIAHFTKSSLYRNKISSLSAGANINNIKPASFDLINIPIPPLAEQKIIAEKLDTLLAQVDI 





prL- 1 100013653585100125898875557654556677899862211000001012322124 
subset: SUB IHHH.H ..... L.HHHH. .LLLLL.. .L ...... LLLLLLL.} HHHHHHHHHHH.HHHH. I 
8 ........19 ........20 ........21 ........22 ........23 ........2 
AAI STKARFEQIPQILKRFRQAVLGGAVNGKLTEKWRNFEPQHSVFKKLNFES ILTELRNGL.S 




prE- I 000000000000000000000000000010000000000001120000000111000000 
prL- I 653232112100000000000000267631001257999865657861l11024798757 
subset: SUB IL. .H.HHHHHHHHHHHHHHHHHHH. .L. .HHHHH.LLLLL. .L.LL.HHHHHH.LLLL.L 
Carboxy conserved region 
36 ........37 ........38 ........39 .........40 ........41 ........4 
AA ISGKDIKSQVVLLPPVKEQAEIVRRVEQLFAYADTIEKQVNNALARVNNLTQSILAKAFRGI 
PHD I HHHH HH HHHHHHHHHHHHHHHHHHHH HHHHHHHHHHH H 
Rel 15133212557799714678899999998767878899998789962118999999972011 
detail: 
prH- I 145554311000014678888999999877788889999888887545899999887544 
prE- I 21100011l110000000000000000000000000000000000000000000000000 
prL- I 643344566879985321110000000112211110000111002454100000001444 
subset: SUB IL ...... LLLLLLL. .HHHHHHHHHHHHHHHHHHHHHHHHHHHHH. . .HHHHHHHHH... I 
2 ........43 ........44 ........45 ........46 ........47 ........4 
AAI ELTAQWRAENPDLI SGENSAAALLEKIKAERAASGGKKASRKKS I 
PHD I1111I 	 HIHiHHHIHIHIMHIHIHHH I 
Rel 124433316999865632689999999523133149963378899 
detail: 
prH- I 56665642000011135789999999755555430023311000 
prE- I 0000l0l00000ll000000000000000000000000000000 
prL- 143233347899876763210000000233433468976578889 
subset: SUB I ....... LLLLLLLL. .HiHHHHHHBH ....... LLL. .LLLLLI 
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Figure 4.3 Alignments of sequences of TRDs which recognise 
identical targets 
Figure 4.3a 
Figure 4.3a shows an alignment between amino acid sequences of the amino TRDs 
of EcoKT (K1) and StySPI (SPI). Asterisks (*) indicate amino acid identity, whilst 
plus signs (+) indicate amino acid similarity, see materials and methods. All similar 
or identical amino acids are shown in capital letters, the others are in lower case. 
1 * * * * * * * * * * * * * * * * * * * ** 	* * * 	* * * ** 
1(1 MsaGKLPEGW viAPVSTVTT LIRGVTYKKE QA±NYLkDDY LP1IRANNIQ 
SPI MnrGKLPEGW atAPVSTVTT LIRGVTYKKE QA1NYLqDDY LPiIRANNIQ 
51 ********** ********** ********** ****** 	***1 
KI NGKFDTTDLV FVPKNLIVKES QKISPEDIVI ANSSGSKSVV GKSAHQhLPF 
SPI NGKFDTTDLV FVPKNLVKES QKISPEDIVI ANSSGSKSVV GKSAHQrLPF 
101 *****+* +********+ ********** 
KI ECSFGAFCGv LRPEKLIfsg FIAHFTKSSL YRNKISSLSA GANINNIKPA 





Figure 4.3b shows the amino acid alignment of the amino TRDs of EcoAl (Al), 
EcoET (El) and StyLTffl (LTIII). The conventions are as above, described in chapter 
2. 
1 	 **+** 	* 	 *** 	** + ++ * ** 	+ * + * 
Al 	 .....LPDGW ewtTltriae iNPKIdvsDD EqEIsF1PMp lIsTkFdGsh 
El .....LPEGW ewiTlseiat iNPKievtDD EqEIsFvPMp clsTrFdGah 
LTffl 	 msggkL,PEGW atsTinemcn 1NPK1k1.DD D1DVgFmPMa gVpTtYlGkc 
51 	* *** +* ***+* * 	*+ ****** *** ** + 	+ * * * 
Al 	 efEiKKWk]DV KKGYThFang DIaiAKITPC FENsKAaIfs gLknG±GvGt 
El dqE1KKWgEV KKGYThFadg DIa1AKITPC FENsKAvIfk gLkgGvGvGt 
LTIII 	 nfEtKKWsEV KKGFTqFqnd DVIfAKITPC FENgKAvVik eFpnGyGaGs 
101 	** * * 	* + + 	* 	4* 	* 	* ** * * * * 	*+* 
Al 	 TElhVaRpf s d±iNrkYlLl nfKspnFLks GesqMtGSaG qKRVprfFFE 
El TElhVaRpis selNiqYiLl niKsphYLsm GesrnNtGSaG qKRVprsFFE 
LTffl 	 TEyyVlRsin gliNphWlFa lvKtkdFLtn Ga1nNsGSvG hKRVtkeFLE 
151 	* + 
Al 	 NnpI 
El NypI 
LTffl 	 NygV 
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The ECOR collection of wild-type Ecoli 
In a study by Barcus et al. (1995) members of the ECOR collection of wild-
type E.coli were screened for the presence of type IA, LB and ID R-M systems using 
family specific DNA probes. The ECOR collection (Ochman and Selander, 1984) is 
composed of 72 wild-type E.coli strains (ECOR1-72) isolated from a wide variety of 
sources including zoos and hospitals. This collection is considered to represent the 
genetic diversity of the E.coli species as a whole. The ECOR strains have been 
characterised by multilocus enzyme electrophoresis (MLEE; Ochman et al., 1983) 
which allows the characterisation of a strain on the basis of the varying mobility of a 
number of enzymes in a starch gel (Selander et al., 1986). The phylogenic 
relationships derived from MLEE are in agreement with those from a number of 
other different methods including the ability to utilize specific sugars (Miller and 
Hard, 1986) and DNA hybridisation (Ochman et al., 1983). In the case of the ECOR 
collection, enzymes from 38 different loci were studied and their electromorph 
profiles determined to differentiate the strains and produce a phylogenic tree 
(Selander et al., 1987; Herzer et al., 1990) see figure 4.4. The screens of Barcus et 
al., 1995 show that 46% of the ECOR strains tested probed positive for a type I 
system (27% IA, 8% lB and 11% ID, the IC family was not screened for in this 
study). Also some of the ECOR hsd genes were cloned in cosmid and phage vectors 
in order to assess whether the DNA specificity of these strains was different from 
other type I R-M systems previously characterised (members of the ECOR collection 
are largely resistant to laboratory phage and hence the need to clone the ECOR hsd 
regions into other strains). The results of this work are shown in figure 4.4 alongside 
the MLEE phylogenic tree of the ECOR collection. Interestingly, strains which are 
shown to be distantly related on the basis of MLEE sometimes carry type I hsd 
systems of the same family and identical specificity. Conversely closely related 
strains do not always contain the same family or specificity of type I hsd system. 
This work supports the division of type I R-M systems into discrete families as the 
type IA, lB and ID hsd genes within the ECOR strains anneal to the DNA probes in 
a family specific manner. Also these data add weight to the argument that the ICR, 
or more particularly the hsd locus, is a hypervariable region that appears to be 
transferred between strains. 
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Figure 4.4 
Figure 4.4 shows a dendogram of the ECOR bacterial strains based on 
polymorphisms detected with MLEE of 38 different enzymes. The figure is copied 
from Barcus et al. (1995) based upon Herzer et al. (1990). This figure was kindly 
provided by A. Titherage. 
Column a indicates the results of the DNA hybridisation of genomic ECOR DNA 
with family specific probes. A= IA family, B=IB family, D=ID family ("-" indicates 
that the strains were not tested). 
Column b shows the specificity of the hsd systems of the ECOR strains. These were 
defined by the ability of A.vir modified with the specificity of the various known 
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The sequences encoding the TRDs have charateristics of mobile gene 
sequences and from previous studies, the generation of new DNA specificity in a 
type I enzyme by the recombination of one variable region has been observed 
(Bullas et al., 1976; Fuller-Pace et al., 1984). Clearly DNA specificity can be 
altered in type I R-M systems in more than one way (see chapter 1) but the exchange 
of a TRD with that from another system by transposition or homologous 
recombination could provide a rapid method of generating new R-M specificity. 
Clearly not all the residues in the c. 150 amino acid TRD can specifically 
interact with a trinucleotide DNA target and whatever structure these subunits use to 
bind DNA, it would be expected that a small number of amino acids within the TRD 
(perhaps clustered in one or more groups) would be directly involved in making the 
specific protein-DNA interactions. For the type II R and M systems this recognition 
is largely achieved by loops extending from the protein, usually more than one loop 
(or chain) is involved in making the specific contacts, see chapter 1. There is no 
evidence to suggest that such structures are used in the type I enzymes, although 
sequence alignments of the type shown in figure 4.3b may help to focus on residues 
involved in specific DNA recognition, and areas of high similarity would be ideal 
sites for specific mutagenesis of the sequences encoding TRDs and would provide an 
alternative to random mutagenesis of the variable region. As an alternative to 
producing mutations in the EcoKI hsdS gene an approach based on the comparative 
analysis of TRDs was initiated. 
Strategy to amplify novel sequences encoding TRDs 
The relatively small number of TRD sequences known at present (ten for the 
IA family, six for the TB family and six for the IC family) has already given 
alignments of those which specify the same DNA target, see figures 4.3a and b. In 
order to generate new sequence information for the TRDs, the polymerase chain 
reaction (PCR) was used to amplify sequences encoding TRDs from strains carrying 
R-M systems of unknown sequence. The characterised variable regions are flanked 
by conserved sequences within members of the same family, either the conserved 
regions of hsdS or the upstream sequences of hsdM. By designing primers that 
anneal to these conserved regions it is possible to amplify the variable regions using 
the PCR in a family specific manner. The PCR has been used in a variety of 
experiments to amplify novel sequences at a given locus. Taylor and Kreitman 
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(1989) used the conserved amino acid sequences of cytochrome oxidase and 
ubiquitin to design primers to amplify (using the PCR) non-conserved sequence of 
both of these genes from a range of eukaryotes, and they noted the speed and 
simplicity of this method (compared to making cDNA libraries) in obtaining 
sequence data for phylogenetic analysis. Kocher et al. (1989) chose a number of 
different loci within the eukaryotic mitochondrial chromosome to amplify various 
regions including the cytochrome b gene from 235 individuals of 110 species of 
higher eukaryotes. In enteric bacteria several studies of this kind have been 
conducted, for examples see Lawrence et al. (199 1) and Nelson et al. (199 1) where 
the ompA gene encoding the outer membrane protein 3A and the gapA gene for 
glyceraldehyde-3-phosphate dehydrogenase were amplified to study inter-strain 
evolutionary divergence. Also Nelson and Selander (1992) amplified the control 
region of proline utilization operon and the neighbouring putP gene encoding proline 
permease for another evolutionary study. A similar strategy was suggested by 
Barcus, 1993 for sequences at the hsd locus, paticularly within the hsdR and hsdM 
genes of the IA and lB families. The ECOR strains used in the study by Barcus et 
al. (1995) provide ideal candidates for amplification of their variable regions as the 
hsd families of these strains (IA and TB) have been determined. Amplification of the 
variable region of the hsdS gene using PCR is different from the previous 
evolutionary studies in that it is not expected to reveal information about the 
evolutionary relationships between pairs of strains, as this gene is within the ICR. 
The sequences encoding TRDs can be used in conjunction with the hybrisation 
screen of members of the ECOR collection for IA and lB hsd regions (Barcus et al., 
1995) to determine relationships between the hsd family and the TRD sequence. 
More importantly it is hoped to be able to compare similar TRD sequences to assess 
which residues are conserved and therefore may play an important role in DNA 
interaction. 
Amplification of the lB family variable region by the PCR 
Initially primers were designed that would anneal to the conserved regions 
flanking the 5' variable region of the lB family hsdS genes. Figure 4.5 shows the 
primers chosen alongside an alignment of part of the hsdS sequences of the EcoAI, 
EcoEI and CfrAI, the most highly conserved regions were chosen to ensure that the 
primers would anneal to related hsdS genes. ECOR strains No.s 15, 17 and 42 were 
used as template for the PCR reaction which was carried out as described in chapter 
2. Also a Salmonella strain was used (Salmonella enterica serovar thompson, 
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Figure 4.5 Primers designed to amplify the lB family variable regions 
Figure 4.5a The upstream and flanking sequences of the amino variable region of 
EcoAI (Al), EcoEl (El) and CfrAI (CAT) are aligned the base pair numbering is from 
the start of the hsdS gene. The residues identical between all three sequences are 
shown in capital letters. The position to which the oligonucleotide primer (A163), 
shown underneath the alignment, will anneal is indicated with arrow heads (>) in the 
5'3' direction. These figures illustrate that a region of sequence which appears to 
be highly conserved between members of the same family was chosen as the site for 
PCR primer annealing. 
Figure 4.5b The downstream and flanking sequences of the amino variable region 
of EcoAI (AT), EcoEI (El) and CfrAI (CAI) are aligned (conventins as in 4.4a) and 
the position to which the oligonucleotide primer (A162), shown underneath, will 
anneal is indicated with arrow heads (>) in the 5'-43' direction of the primer. 
Figure 4.5 Primers designed to amplify the lB family variable regions 
Figure 4.5a 
251 	 >>>>>>> >>>>>>>>>> >>> 	300 
Al 	 AaAkgCAaAA aCCacTGCcg gaaATTAGCG AGGAaGAgAA gCCGTTTGAa 
El AaAAgCAgAA gCCgtTGCtt aggATTAGCG AGGAtGAaAA gCCGTTTGAg 
CAI 	 AgAAaCAgAA gCCgcTGCcg gagATTAGCG AGGAaGAtAA aCCGTTTGAg 
301 	 350 
Al 	 tTGCCGGatG GaTGGGAgTG GacaacgcTA actagaattG cggaaaTaaA 
El cTGCCGGagG GgTGGGAgTG GatcacttTA agtgagattG ccacgaTtaA 
CAT 	 cTGCCGGcgG GgTGGGAaTG GgtgcgacTA gg ......gG aggcatTttA 
Upstream primer A163 	5 1 ATTAGCGAGGAAGAGAAGCC 3 
Figure 4.5b 
751 	 800 
Al 	 ctTcCCtCCa ttgcaaGAaC AagagcGcAT taTtattAgg tTtactcaat 
El gtTtCCaCCa aatacaGAgC AggccaGaAT agTagggAct tTttcgaaac 
CM 	 caTtCCtCCg ttaaatGAgC AaatacGtAT tgTcgacAct aTagataggc 
801 	<< <<<<<<<<<< <<<<<<<< 	 850 
Al 	 TaATGTctCT CTGCGACCAA CTgGAACAGC AaTCcCTaAC CAGTCTGGAC 
El TaATGTtcCT CTGCGACCAA CTgGAACAGC AaTCtCTaAC CAGTCTGGAC 
CAT 	 TtATGTctCT CTGCGACCAA CTaGAACAGC AcTCcCTgAC CAGTCTGGAC 
Downstream primer A162 5' TGTTCCAGTTGGTCGAGAG 3' 
StySTI) for which there was no hsdS sequence information, but which had been 
shown by DNA hybridisation to be a member of the lB family. 
Isolation and sequencing of the PCR products 
The PCR reactions typically yielded a single c. 600bp product, as visualised 
on a 1% agarose/TBE gel, which was obtained only with known lB family strains 
and the four strains being tested, see figure 4.6a for examples. The DNA products 
from the PCR were purified using the GeneClean kit and the ends of these fragments 
were made blunt, see chapter 2. After a further purification using GeneClean the 
PCR products were ligated with pUC 18 vector, which had been cut with Smal to 
produce a linear molecule with blunt ends. After transformation of NM522, 
potential recombinants were identified as white colonies in the presence of IPTG and 
X-Gal (see chapter 2), and these were screened using the PCR to check for the 
presence of a c. 600bp insert in the pUC18 vector. 
Having isolated cells carrying recombinant pUC18/TRD plasmids, large scale 
CsC1 DNA preparations were made of two independent isolates for each of the TRD 
sequences being sub-cloned. This DNA was sequenced using the double-stranded 
sequencing method with both of the two primers used for the initial PCR (A 162 and 
A163). The resulting sequence from each primer read in towards the centre of the 
variable region until they overlapped. Hence for each isolate the 5' half of the 
variable region is sequenced from the A163 primer and the 3' half of the variable 
region is sequenced from the A162 primer. 
Results and Discussion 
The sequences derived for isolates of ECOR15, 17, and 42 (see Apendix 1) 
all showed similarity to previously sequenced variable regions. In all cases both 
cloned isolates of each PCR product gave identical sequence. The DNA sequences 
were compared to sequences in the Genbank database using the UWGCG FASTA 
program, and the predicted amino acid sequences of the TRDs encoded by the PCR 
products were compared with peptide sequences in the Swissprot database, again 
using the FASTA program. The sequences from EcoRl5I and 421 were identical to 
that of EcoAI, the archetypal type lB family member (comparison not shown). This 
suggests that the trimeric recognition component of the DNA target of these two 
ECOR hsd systems is 5' GAG. In the study by Barcus et al. (1995) the ECOR15 and 
42 hsd regions were cloned in cosmid vectors and these were used to assay for a 
restriction activity by complementing with the hsdR and M genes of the EcoAI 
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Figure 4.6 
Figure 4.6a 113 family PCR products 
This shows a 1% agarose/TBE gel with PCR products using the 113 family hsdS 
conserved region primers A162 and A163. The templates are listed below. 
lane 1 agar only control. 	 lane 4 WA2899 (hsdA) cells. 
lane 2 molecular weight markers. 	lane 5 NM522 (hsdSK) cells. 
lane 3 C600 (hsdK) cells. 
This shows a 1% agarose/TBE gel with PCR products, lanes 6, 8, 9, and 10 using 
the IA family hsdS conserved region primers A162 and A163, and lanes 11, 12, 13, 
14 using the IA family hsdS conserved region primers G3063 and G3064. The 
templates are listed below. 
lane 6 agar only control. 
lane 7 molecular weight markers. 
lane 8 WA2899 (hsdA) cells. 
lane 9 ECOR17 cells. 
lane 10 C600 (hsdK) cells. 
lane 11 WA2899 (hsdA) cells. 
lane 12 ECOR17 cells. 
lane 13 C600 (hsdK) cells. 
lane 14 NM522 (hsdSK) cells. 
This sketch represents the position of annaeling of the oligonucleotides described 
above on the amino conserved regions of hsdS. (conventions as in figure 1.1). 
Figure 4.6b IA family PCR products 
i) This shows a 1% agarose/TBE gel with PCR products using the IA family hsdMS 
conserved region primers G1025 and G1027. The templates are listed below. As 
can be seen from the gel products were not always obtained with genomic DNA 
templates although small amounts of the cells proved a more reliable template. 
lane a molecular weight markers. 
lane b agar only control. 
lane c ECOR 10 cells. 
lane d ECOR 11 cells. 
lane e C600 (hsdK) cells. 
lane fNM782 (hsdA) cells. 
lane g NM522 (hsdSK) cells. 
lane h ECOR10 genomic DNA. 
lane i ECOR1 1 genomic DNA. 
lane j C600 genomic DNA. 
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system. EcoR15I did not give a restriction activity, however EcoR42I produced 
restriction of ? phage, which was not blocked by the modification provided by any 
of the available type I R-M systems. This suggests that EcoR42I has a novel DNA 
restriction specificity, certainly one that is not identical to EcoAI, as phage modified 
for EcoAI are restricted by the EcoR42I system. Therefore it must be assumed that 
whilst ECOR42 has an amino TRD identical to EcoM, there is some other feature of 
the HsdS subunit of this strain that alters its specificity from EcoAI, this would most 
likely be a different carboxy TRD from EcoAl or a change which resulted in a 
different spacing of the two parts of the bipartite recogniton sequence. 
The sequence derived from ECOR17 only showed similarity to the IA family 
members EcoKI and StySPI, an alignment of the predicted amino acid sequences is 
shown in figure 4.7a. The amino TRDs of EcoKI and SIySPI are very similar and 
determine the trinucleotide DNA target 5' AAC, the EcoR17I sequence is less 
similar to either EcoKI or StySPI than they are to themselves, although EcoRl7I is a 
member of the lB family unlike the EcoKI and SIySPI IA family systems. This 
alignment therefore appears to represent another cross-family similarity of TRD 
sequences, as was seen with StyLTIII (IA family) and EcoAl and EcoEl (lB family). 
No DNA specificity information is available for ECOR17 from the study of Barcus 
etal. (1995). 
The sequence of the 5' variable region of StySTI (see apendix 1) did not show 
a significant similarity to any other known sequences in the database, as assessed 
using the FASTA program. The StySTI sequence is, however, clearly typical of the 
lB family and figure 4.7b shows an alignment of the EcoAI amino TRD and that of 
StySTI, although these sequences can be aligned they only show around 7% identity 
to each other. StySTI has a new TRD sequence which might be expected to occur in 
some of the strains that are tested, and this adds to the total number of TRD 
sequences now available for further sequence comparisons. 
The sequences of the four new TB family 5' variable regions (ECOR15, 17 
and 42 as well as StySTI) vary in their similarity to previous known hsdS sequences. 
The two TRDs that were identical to EcoAl, are not closely related on the MLEE 
phylogenic tree, see figure 4.4 and one of the these, ECOR42, does not have an 
identical DNA specificity to EcoAl. The implication is that if the 100% sequence 
identity of ECOR15 and 42 with EcoAI represents a common origin, then the TRD 
sequence has been transferred relatively recently between different E. coli species, 
independently from the carboxy-TRD. ECOR17 on the other hand is closely related 
to ECOR24 on the MLEE phylogenic tree, ECOR24 was shown by Barcus et al. 
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Figure 4.7 Amino TRD sequence alignments 
Figure 4.7a 
An amino acid alignment is shown between amino TRDs of the IA family members 
EcoKJ (KI), StySPI (SPI) and the TB family member ECOR17 (R17). The 
conventions are as described in chapter 2 (capital letters show amino acid 
similarity/identity, asterisks indicating identity and plus signs indicating similarity), 
the numbering is from the start of EcoKI. The sequences are approximately 28% 
identical (excluding the characteristic motif at the amino-end of the TRD, LPEGW). 
Figure 4.7b 
Two amino TRDs are aligned, StySTI (STI) and EcoAl (AT), the conventions are as 
described in chapter 2 and the numbering is from the start of the EcoAl HsdS 
subunit (the first 100 amino acids of which are not shown). The sequences are 
approximately 7% identical (excluding the characteristic motif at the amino-end of 
the TRD, GWEW, and the part of the central conserved region that is shown at the 
caboxy-end of the TRD, PFPPqkEQE). 
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Figure 4.7 Amino TRD sequence alignments. 
Figure 4.7a 
	
1 	 * 	***+*+ 	 + 	 * *+* 
KI 	msagkLPEGW viapvstvTt 1IRGVTYkke qainYlkddy lpliRanNIQ 
SPI mnrgkLPEGW atapvstvTt 1IRGVTYkke qalnYlqddy lpiiRanNIQ 
R17 	 feLPEGW ewvrlgdfTn iIRGITFpgn eksqFqapgk iaclRtaNVQ 
51 	* **+ ++ 	+** 	 * *** 	* 	* 	*** * 
KI 	ngkfDttDLV FVpknLVKes qkispE.DIV iaMssgSksv VGKs.Ahqhl 
SPI ngkfDttDLV FVpknLVKes qkispE.DIV iaMssgSksv VGKs.Ahqrl 
R17 	.eqiDwdDLl YIsdsFVKrd dqylqEhDIV msMan.Srel VGKclAslpd 
101 	** * 	*** 	 + * + 	+ 	* * * 	** ** 
KI 	pfecsFGaFc gvLRPeklif sgFiAhFtks sLyrnklsSl SagaNInNIk 
SPI pfecsFGaFc gaLRPekf is pnYiAhFtks sFyrnklsSl SagaNInNIk 






101 	 * +** 	* * * 
STI ... GWEWvrL ndVAEy. . .1 qrgkgpkyse hghvrvVSqK cvqwrigFkle 
Al 1pdGWEWttL trlAEinpkl dvsddeqeis fipmpllStK fdgsheFeik 
151 	+ + + 	+* * 	** * 
STI vsrwltdesv dciseEdlfv KmesfLEltg AggtSGraiy lpavTklvvd 
A kwkdVkkgyt hfang]Jiaia KitpcFEnsk AaifSGlkng igvgTtelhv 
201 	+ 	* + 	*+* * 	+* * 
STI sssLirtlkq ngqFicNYiS hygiqqrfdp KhpntlLsGt tnQpelnasv 
Al arpFsdilnr kylLl.NFkS pnf 1 ...... KsgesqMtGs agQkrvprff 
251 	**** *** 
STI vtsfmtPFPP qkEQE ..... 
Al fennpiPFPP lqEQEriiir 
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(1995) to have an hsd region which hybridised to the IA family probe and a DNA 
specificity identical to EcoKI. This closely related EcoKT-like strain (ECOR24) may 
then give insights into how ECOR17 acquired an EcoKJ-like amino TRD sequence. 
As far as being able to compare TRD sequences is concerned, EcoR17I is the only 
one of the four TRD sequences available which gives an alignment which highlights 
residues within a sequence which may be of functional importance in DNA 
recognition. It is clear that only certain regions of the EcoR 171 TRD sequence show 
similarity to EcoKI and StySPI (see figure 4.7a), particularly the regions around 
amino acids 22 (IRGVTY), 60 (DLVFV) and 80 (E.DIVI) as well as some other 
short regions of identity. It is interesting to note that amino acid 27 of EcoKI 
(Tyr27), which falls within one of the similar regions (IRGVTX) was identified by 
Chen et al. (1995) to cross-link from the EcoKJ methylase to a chemically modified 
DNA oligonucleotide target. EcoR 171 has the conserved amino acid phenylalanine 
at this position, suggesting a possible role in interaction between this region of the 
TRD and the adenines in the trinucleotide target. 
IA family variable region amplification by the PCR 
A greater proportion of the ECOR strains, probed by Barcus et al. (1995), 
was shown to have IA family hsd genes than TB family hsd genes. Therefore a 
strategy was designed to use IA probe-positive ECOR strains for PCR amplification 
of the 5' variable regions in a similar way to that just described for the lB family 
strains. The IA hsdS genes do not have an upstream 5' conserved region, as found 
with the lB hsdS genes, so in this case the upstream primer for the PCR must be 
within the hsdM gene. The hsdM genes within a family are highly conserved (see 
Sharp et al., 1992; Murray et al., 1993) and so it should be possible to use hsdM 
sequence for family-specific PCR experiments. For the amplification of the IA 
family 5' variable region the PCR primers were designed to cover type II restriction 
target sites, this firstly facilitated sub-cloning of the PCR products and secondly was 
important in further analysis of the function of these sequences, see chapter 5. The 
upstream primer (G1025) anneals to the EcoKJ BamHI site in the hsdM gene and 
adjacent downstream sequence (the BamHI site is 221bp upstream of the 5' ATG 
start codon of hsdS). This primer has an upstream G+C "clamp" which should help 
in the later PCR cycles, with primer-template annealing, and should ensure that the 
final PCR product can be cut with BamHI, see figure 4.8a. The downsteam primer 
(G1027) anneals to the central conserved region of EcoKI hsdS and creates a Sail 
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Figure 4.8 Primers chosen to amplify IA family variable regions. 
Figure 4.8a. This shows a short region of DNA sequence covering the BamHI site 
towards the 3' end of the EcoKil hsdM gene, with the upstream PCR primer (G1025) 
for amplifying IA family variable regions. The numbers represent the nucleotides 
from the start of the hsdM gene. The underlined region shows the "GC" clamp in 
the primer and the bold nucleotides indicate the BamHI site. 
G1025 	 GGGCCC GGATCCGCAC CGCAAAATCC G 
hsdM 5' AGCCGTGAGT GGATCCGCAC CGCAAAATCC GATTCGCTGG ATATCTCCTG 3 
1349 	 1399 
Upstream Primer (G1025) 5' GGGCCCGGATCCGCACCGCAAAATCC 3' 
Figure 4.8b. This shows the DNA sequence covering the central conserved region 
of the EcoKlI hsdS gene with the downstream PCR primer (G1027) that introduces a 
Sail site. The numbers represent the nucleotides from the start of the hsdS gene. 
The bold nucleotides in the oligonucleotide mark the position of the Sail site, and the 
asterisk marks the single base change from the wild-type EcoKI sequence that 
produces the Sail site in the PCR product. 
510 	 * 	 550 
hsdS 5' AAAAACTAGA TACGCTGCTG GCGCAGGTAG ACAGCACCAA AGCACGTTTT 3' 
G1027 	 T ATGCGACGAC CGCGTCCAGC TGTCGTG 
Downstream Primer (G1027) 5' GTGCTGTCGACCTGCGCCAGCAGCGTAT 3' 
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site with only one synonymous change from the EcoKiI hsdS sequence, see figure 
4.8b. 
Isolation and sequencing of the PCR products 
The ECOR strains used as the PCR templates were ECOR5, 10, 11, 12, 13, 
23, 24, 25 and 70. As with the lB family strains, small quantities of the wild-type 
colonies were used as template for the PCRs, control reactions were included as 
described in chapter 2. Typically a single c.700-800bp product was obtained on a 
1% agarose/TBE gel, for example see figure 4.6b. The PCR product was purified 
with the GeneClean kit and then doubly digested with BamHJ and Sail. The product 
was then futher purified with GeneClean and ligated with pUC18 vector DNA which 
had been cut with BamHI and Sail. White transformants of the strain NM522 were 
isolated in the presence of IPTG and X-Gal. Colonies carrying recombinant plasmid 
were further screened using the PCR to determine whether or not they contained a 
700-800bp insert. Large scale CsC1 DNA preparations of the recombinant plasmids 
were made (two for each PCR product) and these were sequenced, using the double-
stranded sequencing method, see chapter 2. The two PCR primers (G1025 and 
G1027) were used for sequencing the cloned variable regions together with a primer 
(M7250) that annealed to the 3' end of the hsdM gene and this was used to sequence 
into the start of the hsdS gene. The amplification, sub-cloning and sequencing of the 
5' variable region sequence of ECOR strains 5 and 23 was completed by Helena 
Thomaides. 
Results and discussion 
In several cases the upstream primer, G1025, did not anneal to the cloned 
variable regions and no sequence was obtained with this primer, although the M7250 
primer was sufficient for obtaining all of the sequence from the 5' half of the variable 
region. Some of the sequences of the PCR products were identical to previously 
known IA family 5' variable regions. Both ECOR12 and 24 gave sequence that was 
identical to EcoKI, also ECOR1 1 and 70 gave sequences identical to EcoBI 
(sequences are listed in Apendix 1, but alignments are not shown). The cloned PCR 
products from ECOR70 were shown to contain numerous small deletions when 
compared to the EcoBI 5' variable region. In this case direct sequencing of the PCR 
products gave a sequence that was 100% identical to EcoBI, using this direct 
sequencing method it was not possible to sequence the entire 5' variable region. 
Barcus et al. (1995) showed that phage modified with EcoKI were protected from 
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restriction by an R-M system carrying the specificity of ECOR12 or 24, and that 
phage modified with EcoBI were protected from restriction by an R-M system 
carrying the specificity of ECOR1 1 or 70. Clearly these two pairs of ECOR strains 
have hsd regions that are closely related to the characterised IA family members 
EcoKT and EcoBI. From the MLEE phylogenic tree (figure 4.4) it is clear that 
ECOR12 is related to a group of ten strains (the top ten on the tree) half of which 
probed positive for the IA family, although with varying hsd DNA specificities. 
ECOR24 is closely related to ECOR17, whichhas already been discussed in relation 
to its EcoKI-like TRD sequence (see previous results and discussion section in this 
chapter). ECOR1 1, one of the EcoBI-like strains, is located in the group of ten 
strains at the top of the phylogenic tree, 50% of which have IA hsd systems. 
ECOR70 in contrast, is one of the group B ECOR strains on the MLEE phylogenic 
tree. The only ECOR strain closely related to ECOR70 that was screened for hsd 
genes is ECOR68 which probed positive for the ID hsd family. For both of these 
two pairs of strains, ECOR1 1IECOR7O and ECOR12IECOR24, members of each 
pair are not closely related on the MLEE phylogenic tree, despite having the same 
hsd family, DNA specificity and identical sequences encoding amino TRDs. 
ECOR23 was shown to have an identical 5' variable region sequence to the 
IA family member EcoDI (sequence listed in apendix 1, alignment not shown), 
although ECOR23 is, from the MLEE phylogenic tree, most closely related to 
ECOR15 a lB family strain which has been shown (see earlier results and discussion 
section in this chapter) to have an amino TRD identical to EcoAI. 
ECOR10 and 25 were found to have identical variable region sequence to 
each other (sequence shown in Apendix 1, comparison not shown) and this sequence 
was not similar to any of the known TRD sequences. These two strains are closely 
related as assessed by MLEE (they are both in the group of ten strains at the top of 
the phylogenic tree, figure 4.4) and in addition to both probing positive with IA 
family probes it was shown that phage which had been modified with the specificity 
of one of these hsd systems were protected against restriction by the other. This 
indicates that the DNA specificities of the EcoR101 and 251 hsd systems are 
identical. 
The final two strains ECOR5 and 13 both have different and novel variable 
regions (listed in apendix 1), and phage modified with known type I R-M 
specificities were not protected against restriction by these hsd systems, indicating 
that their DNA specificities are also novel. 
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Conclusions 
The sequences derived from PCR amplification of the 5' variable regions of 
the ECOR strains allowed the prediction of the amino acid sequences of the amino 
TRDs. Table 4.1 summarises the strains tested in this way and the similarity of the 
TRD sequences to either the other new TRD sequences or to previously known 
TRDs. Of the 13 strains analysed, 7 had amino TRD sequences that were 100% 
identical to previously known amino TRDs, 5 had entirely novel TRD sequences (of 
which two were identical to each other), and only one strain (ECOR17) had a TRD 
sequence that showed partial identity with known TRD sequences (EcoKTIStySPI). 
All those strains whose TRDs were identical to known TRDs aligned with members 
of the same family (the division of the ECOR strains into type I families is based on 
the DNA hybridisation screen of Barcus et al., 1995). The amino TRD of EcoR17I 
however, aligned with members of a different family and represents the second type 
of IA-lB cross-family alignment of TRD sequences, after that of EcoAl, EcoEl and 
StyLTIII (see figure 4.3b). 
Clearly TRD sequences appear to be transferred between hsd genes of the 
same type I family as identical TRD sequences, presumably of the same origin, 
appear in distantly related strains. For example, ECOR1 1 and ECOR70 both have 
an EcoBI amino TRD or ECOR15 and ECOR42 both have an EcoAI amino TRD. 
Also, closely related strains have both different amino TRD sequences or completely 
different type I hsd families, indicating the ready transfer of either part or whole of 
the hsd region between related strains. Rather more perplexing are the inter-family 
partial identities seen with firstly EcoAl, EcoEI with StyLTIII (figure 4.3b) and 
secondly EcoKlI, StySPI with EcoR 171 (figure 4.7a). If these alignments represent a 
common origin of the 5' variable sequence then it is not clear how the sequence has 
been transferred across families, although the conserved sequences in hsdS discussed 
by Kannan et al. (1989) and Kneale (1994) may allow a homologous recombination 
pathway. It is also not clear why these sequences have diverged in sequence identity, 
as there are no cases of 100% identical TRD sequences occurring across families 
which would provide stronger evidence for cross-family transfer, these alignments 
may indicate convergent evolution towards a common function of DNA specificity 
or the presence of a common ancestor of the two families. 
Whilst most of the ECOR strains which gave IA-like TRD sequences, 
including ECOR17, are in the A group of the MLEE phylogenic tree it is not valid to 
assume that the type I families may be largely confined to particular related groups 
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Table 4.1 
Table 4.1 lists the amino variable regions amplified using the PCR. The specificity 
of the system as determined by Barcus et al., 1995 is shown in the second column 
and the similarities of their predicted amino-TRD sequences to other amino-TRDs is 
shown in the third column. The DNA and predicted peptide sequences are listed in 
appendix 1. 
lB family TRDs 
System Specificity ¶ TRD Identities 
EcoR15I nt 100% identical to EcoAl 
EcoR17I new shares 28% identity with EcoKI and StySPI 
(Figure 4.7a) 
EcoR42I new 100% identical to EcoAl 
StySTI nt novel sequence (7% identical to EcoAI, 
Figure 4.7b) 
IA family TRDs 
System 	 Specificity 	TRD Identities 
EcoR5I 	 new 	100% identical to EcoAI 
EcoR 101 	 new 	novel sequence (identical to EcoR25I) 
EcoR 111 	 EcoBI 	100% identical to EcoBI 
EcoR12I 	 EcoKJ 	100% identical to EcoKT 
EcoRl3I 	 new 	novel sequence I 
EcoR23I 	 new 	100% identical to EcoDI 
EcoR24I 	 EcoKI 	100% identical to EcoKI 
EcoR25I 	 as EcoR 101 novel sequence (identical to EcoR 101) 
EcoR70I 	 EcoBI 	100% identical to EcoBI 
¶ Specificity's of the whole ECOR hsd system was determined by assaying if phage 
modified with known type I specificity's were protected from restriction by a strain 
expressing the ECOR hsd specificity. A "new" specificity therefore indicates one 
that is different from other known type I specificity's. (nt = not tested). 
t EcoR13I amino-TRD sequence is found align with the predicted amino-TRD of 
the HsdS subunit from Haemophilus influenzae Rd (see figure 6. 1, Fleischmann et 
al., 1995). 
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of the phylogenic tree, as the screen by Barcus et al. (1995) concentrated 
largely on the A group and not many group B and D members were tested. 
A lB family hsdS gene recently sequenced (Ternent et al., unpublished) from 
Salmonella enterica serovar kaduna (StySKI) has given another example of partial 
identity between TRDs. However, unlike previous alignments this is not simply a 
cross-family similarity but an amino TRD aligning with a carboxy TRD. Figure 4.9 
shows an alignment between the amino TRD of StySKI and the carboxy TRD of 
EcoR124I. If this level of identity (c.36%) indicates a common origin of this 5' 
variable region then this would be the first evidence of a 5' variable region 
exchanging with a 3' variable region. 
The transfer of the whole hsd region between strains has been indicated by a 
number of observations, including the screen of Barcus et al. (1995). The 
experiments mentioned earlier in this chapter and the results presented here imply 
that the sequences encoding TRDs can act as mobile elements which can be 
exchanged between strains to generate new DNA specificities. If individual variable 
regions can be exchanged both within and between type I hsd families and also from 
the 5' to 3' (or visa versa) end of the hsdS gene then it is easy to envisage how a large 
number of type I DNA specificities could be generated from a relatively small 
selection of sequences encoding TRDs. 
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Figure 4.9 Alignments of amino and carboxy TRDs 
Figure 4.9 
Figure 4.9 shows an alignment between amino acid sequences of the amino TRD of 
SSM (SKI) and the carboxy TRD of EcoR124I (R1241). Asterisks (*) indicate 
amino acid identity, whilst plus signs (+) indicate amino acid similarity, see chapter 
2. All similar or identical amino acids are shown in capital letters, the others are in 
lower case. The numbers indicate the residues from the start of the SIySKI, the two 
sequences are 36% identical. 
1 	** * 	+** **** 	* 	*+* * 	***+ * *** 	
*+ 
SKI lpvgwEWvtf shlGhfFGGk TPSKmKdEYW g.GtIPWVtP KDMktnLIvd 
R1241 kegevEWktl geiGkwYGGg TPSKnK±EFW enGsIPWIsP KDMgrtLVds 
51*** +* 	*+ ** 	* ** 	* 	** ** 	++* 	* + 	* 	*** 
SKI SEDkVTs1AI edglTKvsPg .SI1fVaRSg ILrrIFPvAi tsIecTvNQD 
R1241 SEDyITeeAV lhssTKliPa nSIaiVvRSs ILdkVLPsA1 ikVpaT1NQD 
101+* 	* ** 	* * *** 	* 	* + 
SKI LKvlsPflse isyYlrlMrnn gferylvenl tKTGttVeS1 lf.ddFishp 









ANALYSING TRD SPECIFICITIES 
Introduction 
The information derived from the comparison of TRD sequences that 
recognise identical DNA targets indicate which amino acids may interact with the 
DNA or are critical for maintaining the TRD structure. The comparison of three 
amino-TRD sequences, EcoAl, EcoEl and StyLTIII, all of which recognise the 
sequence 5' GAG, has been discussed in the previous chapter, see figure 4.3a. The 
PCR amplification of variable regions has provided an amino-TRD sequence 
alignment of EcoRl7I with EcoK1 and StySPI, see figure 4.7a. It might be expected 
that the amino-TRD of EcoRl7I would specify the trinucleotide 5' AAC, like EcoKI 
and SIySPI. It is therefore essential to find a method to define the DNA trinucleotide 
specified by the TRD sequences, particularly that of EcoR 171. If the DNA targets of 
these three systems are the same, or share common nucleotides, it may be possible to 
start to define regions within the TRD that are important for recognising the 
trinucleotide target. 
As new type I systems are characterised and their TRD sequences 
determined, alignments may be observed with the TRD sequences determined by the 
PCR, see chapter 4. The DNA targets recognised by these TRDs will be useful in 
providing a functional relevance to the sequence alignments. It is therefore 
necessary to know the DNA targets that these TRDs recognise. 
Determining type I R-M specificity 
The hsd systems of the ECOR strains, tested by Barcus et al. (1995) have 
been screened for their DNA specificity on the basis of their ability to restrict 
bacteriophage that have been modified with known R-M systems. This has allowed 
those ECOR R-M systems that have a specificity identical to previously known type 
I specificities to be identified (see figure 4.4). This method is limited to finding only 
those specificities for which an identical specificity is already known. The DNA 
targets of the first type I R-M enzymes were determined using a combination of 
approaches based upon restriction and modification (Lautenberger et al., 1978; 
Ravetch etal., 1978; Kan et al., 1979). 
The method most commonly used to determine the specificity of type I R-M 
systems is to find which targets in a DNA sequence are methylated. This can be 
deduced by purifying the methylase of the system in question and using this to 
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transfer 3 11 methyl groups from labelled AdoMet onto target sites within DNA 
substrates. Labelled fragments of DNA are identified after cleavage with type H 
restriction endonucleases. By comparing the labelled sequences with each other and 
with the unlabelled fragments it is possible to draw up a consensus target sequence 
for the methylase (for early examples see Sun et al., 1984; Nagaraja et al., 1985a; 
Nagaraja et al., 1985b; Nagaraja et al., 1985c; Price et al., 1987b). This method was 
also used to determine the targets of the truncated HsdS subunits of the IC family 
(Meister etal., 1993; Abadjieva et al., 1993). 
Another approach to determining type I R-M DNA specificity is to use 
restriction in vivo to identify DNA molecules that contain a target site. By screening 
a number of phages or plasmids of known sequence for restriction, it is possible to 
compare the sequences of those that are and are not restricted to arrive at a consensus 
DNA target sequence (for example Gann et al., 1987). This method avoids the need 
for enzyme purification and as a selection of M13mp18 phage, containing various 
DNA sequences (from the pBR322 vector and phage ?) inserted into the polycloning 
site, are available in our laboratory, this second method was chosen. 
Hybrid target approach to ECOR TRD targets 
The ECOR strains are largely resistant to phage infection and to test phages 
modified with known specificities, Barcus et al. (1995) cloned the hsd regions with 
phage or cosmids vectors to overcome this problem. Even for the cloned ECOR hsd 
regions, not all produced an active R-M system. Whilst it may be possible to 
partially purify type I methylases directly from the ECOR strains and determine their 
complete DNA specificity (with 311 labelled AdoMet), it was decided to determine 
the DNA target specificity of the. TRDs by constructing hybrid hsdS genes. This 
involves making an hsdS gene with the 5' variable region from the test strain, 
sequences already available from the PCR reactions (see chapter 4) and the 
remainder of the hsdS gene from a characterised R-M system. These hybrid genes 
encode chimeric HsdS subunits with the amino-TRD of the ECOR strain being 
tested and the carboxy TRD from a previously characterised type I HsdS subunit. 
This method has the advantage that one half of the bipartite target sequence of the 
resulting hybrid R-M system is already known. As the TRDs being tested are all 
amino-TRDs, it will be the trimeric part of the bi-partite recognition sequence that is 
unknown and the tetra/pentameric component that is fixed, making it easier to isolate 
a consensus target than for a wholly unknown target sequence. 
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Hybrid hsdS genes 
The approach outlined above to determine the DNA target specificity relies 
upon the ability to create a functional hsdS gene composed partly of ECOR strain 
sequence and partly of known hsdS sequence. For both the IA and IC families of 
type I R-M systems there are various examples of hybrid hsdS genes that produce the 
expected hybrid DNA target specificities (see chapter 1). For the IA family Bullas et 
al. (1976) isolated a recombinant (StySQ) of StySPI and StyLTffl specifying a hybrid 
DNA target (Fuller-Pace et al., 1984; Nagaraja et al., 1985c). The reciprocal hsdS 
gene (SIySJ) specified the reciprocal target sequence and site-directed mutagenesis 
of the central conserved region of StySQ to that of StyLTIII did not alter the DNA 
specificity of StySQ*  (Gann et al., 1987; Cowan et al., 1989, see figure 1.2a). A 
number of recombinant hsdS genes were made with IC family members EcoR 1241 
and EcoDXXI (Gubler et al., 1992, see figure 1.2b). All of these hybrid hsdS gene 
products were capable of producing a functional R-M enzyme, indicating the 
independent domain-like nature of the TRDs. All of the hybrids have resulted from 
an exchange within the central conserved region of the hsdS gene. The conserved 
regions are the optimal position for hybrid junctions as the sequence, within 
members of the same family is the same or very similar, and hence the position and 
frame of the two sequences are identical. From the observations with hybrid IA and 
IC family hsdS genes it seems likely that recombinant hsdS genes with junctions 
within the central conserved regions are likely to produce functional specificity 
subunits. 
Strategy to construct hybrid lB family hsdS 
genes 
The first set of TB family TRD sequences were initially used for making 
hybrid hsdS genes as discussed above. The EcoAI hsdS gene has two BamHI sites 
which are conveniently positioned in the conserved regions flanking the 5' variable 
region. These sites allow the substitution of novel 5' variable region sequences into 
the EcoAI hsdS gene. The initial step is to transfer the EcoAI hsdS gene to a plasmid 
that lacks a BamHI site and make an hsdS BamHI deletion (see figure 5.1). This 
deletion eliminates the 867bp sequence between the two BamHI sites which includes 
the sequence of the 5' variable region (see figure 3.1) and produces a cassette vector 
system for inserting new BamHI fragments into the hsdS gene to specify hybrid 
HsdS subunits. 
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Figure 5.1 Strategy to construct hybrid hsdS genes. 
This figure shows schematic diagrams of the hsdS gene constructs which were used 
to produce the hybrid ECOR17/EcoAI hsdS gene. 
The wild-type EcoAl hsdS gene is shown. This construct was made by 
ligating the 11kb SaIl fragment from pFFP31 with pBR322-Banr, also cut with Sail, 
to create the plasmid pPT20 which has both the EcoAl hsdM and hsdS genes. The 
phage APT 10 contains the same Sail fragment from pFFP3 1 cloned in the XNM 1149 
vector. 
A deletion derivative of the EcoAl hsdS gene was made by cutting the hsdS 
gene with BamHI and ligating to lose the small BamHI fragment. This was done 
both with pPT20 to create pPT22 which has been discussed in chapter 3 and with the 
phage XPT1O to create APT1 1. The APT! 1 phage is identical to APT 15 see (c). 
C) 	The hybrid hsdS gene is created by ligating the deleted EcoAI hsdS gene (b) 
cut with BamHI with the PCR product (d) cut with BamHI. The ECOR17/EcoAI 
hybrid hsdS gene was made in this way to make the plasmid pPT25 and phage 
APT12. The phage APT12 was cut with BamHI and the large fragment ligated to 
make APT 15 which is equivalent to APT! 1 (b). 
The PCR product was amplified from a novel hsdS template (e), for example 
ECOR17. The primers used (G3063 and G3064) both contain BamHI sites and so 
the PCR product has BamHJ targets at both termini. 
The novel 113 family hsdS genes are assumed to have conserved regions 
sufficiently similar to EcoAI to allow the primers G3063 and G3064 to anneal for 
the PCR reaction. 
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Figure 5.1 Stategy to construct hybrid lB family hsdS genes 
Schematic of the EcoAI hsdS gene (a) and its deletion derivative 
(b) also a novel hsdS gene (e), the PCR product (d) and the 
resulting hybrid hsdS gene(c). 
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The vector used to clone the EcoAl hsdM and S genes was pBR322-Bam -
(pBR322 cut with BamHI and blunt-ended using Klenow enzyme, see chapter 2). 
The EcoAl hsdM and hsdS genes from pFFP3 1 were cloned within the pBR322-
Barn- vector using NM679 as a host. Transformed cells were screened using the 
PCR to check-for an insert containing the hsdS 5' variable region. The resulting 
plasmid, pPT20 (see figure 5.1) encoded an active EcoAl methylase as determined 
by its ability to modify Xvir.O phage against EcoAI restriction by the strain WA2899 
(data not shown). The hsdSA BamHI deletion pPT22, was made from pPT20 using 
BamHI (see figure 5.1). Recombinants were screened using the PCR to determine 
which had lost the 5' variable region, the phenotype conferred by this plasmid in 
various strains has been discussed in chapter 3, see figure 3.1. 
EcoRl7I/EcoAI hybrid hsdS gene 
The lB family PCR products sub-cloned in pUC 18 (see chapter 4) were 
smaller than the region covered by the BamHI deletion in pPT22 and so these 5' 
variable regions could not be used to replace the deleted region and create a hybrid 
hsdS gene. Instead new oligonucleotide primers were designed that covered the 
BamHI sites in the EcoAl hsdS genes, see figure 5.1. The primer G3064 annealed to 
the BamHI site in the 5' conserved region and the G3063 annealed to the BamHI site 
in the central conserved region. These primers were used to amplify a PCR product 
from the ECOR17 strain. The PCR product was cut with BamHI transferred into the 
BamHI site of pPT22 and recovered by transformation of NM679 cells. A 
digoxygenin probe (see chapter 2) was used to screen for EcoRl7IJEcoAI 
recombinants Recombinants were also screened using the PCR to check for the 
presence of the 5' variable region. NM555 cells (hsdRA+) were transformed with 
small scale DNA preparations of recombinants and these were assayed for restriction 
of unmodified phage to isolate r cells carrying the hybrid EcoRl7JJEcoAI hsdS 
plasmid, pPT25. 
Determining EcoRl7I/EcoAI hybrid DNA target specificity 
using restriction in vivo 
The expression of the plasmid pPT25 in hsdRA cells, NM555, was shown to 
reduce the e.o.p. of Avir.O phage to between 101  to 3x10 2 compared to the titre of 
A.vir.0 on NM555 cells carrying pPT22. Also Xvir phage grown on either NM679 
pPT25 (r-) or NM555 pPT25 (r+ECOR17JJECOAI) are subsequently resistant to the 
NM555 pPT25 (r+ECO R17J1ECOAI) restriction, giving an e.o.p. of 1 compared to titre 
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on NM555 pPT22. Clearly the hybrid methylase can interact with the 
chromosomally encoded HsdR to produce an active restriction system. The next 
step was to test a selection of M13 derivatives for hybrid restriction. The F' plasmid, 
encoding tetracycline resistance, was transferred to NM555 to enable M13 phage to 
plate on this strain, subsequent steps using this strain were performed in the presence 
of tetracycline. A range of M13mp18 constructs (see Table 5.2) which contain 
sequenced inserts from pBR322 and X DNA at the polycloning site were then tested 
for restriction on NM555 F pPT25. None of the M13 phages, including M13mp18, 
produced plaques on the pPT25 carrying cells irrespective of the media (L-broth 
agar, BBL-agar or minimal-agar all with tetracycline and ampicillin to maintain the 
F and pPT25 plasmids respectively). In order to determine if this was a host specific 
effect the pPT25 plasmid was transferred to another hsd strain NM779, which has an 
identical hsd genotype to NM555, hsdRAMS but a different host background 
(BMH71-18 compared to WA2899 for NM555), the NM779 strain also carries an F 
plasmid that permits growth on minimal media. This failed to solve the problem of 
the apparent inviability of M13 phage on cells carrying the pPT25 plasmid. The 
control plasmid pPT22 and the strain without plasmid permitted M13 to plate, 
although it was not clear whether in the first instance the pPT22 plasmid had been 
lost from the cells, despite the selection with ampicillin, which was difficult to assay 
without a phenotypic test. The strain NM555 pPT25 permitted the growth of M13 if 
no ampicillin selection was present, but clearly in this case the pPT25 plasmid was 
lost from the cells. The failure to plate M13 cannot therefore be definitively 
attributed to the BamHI insert derived from ECOR17, but some feature of the pPT25 
plasmid appears to interfere with the M13 growth as the F plasmid appeared to be 
maintained in all the strains tested. In order to overcome the problems associated 
with the potential loss of the plasmids and the failure to plate M13 it was decided to 
transfer the hybrid EcoRl7JJEcoAI methylase genes onto the E.coli chromosome via 
X phage. 
Transferring EcoRl 71/EcoAl hybrid genes to the E.coIi chromosome 
The phage XNM1 149 was used as a vector to transfer the hybrid hsd genes to 
the chromosome. This phage has a c1857 mutation which enables lysogeny only at 
the permissive temperature (30°C), it is also atr so recombination between 
homologous sequence on the phage and bacterial genomes is required for phage 
integration. The Sail fragment containing the EcoAI methylase genes was excised 
from pFFP31 and cloned in XNM1 149, this eliminates the BamHI restriction targets 
in the original vector. A phage was isolated (XPT1O) that was resistant to EcoAI 
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restriction, and analysis of its DNA showed that XPT10 contains the same DNA 
insert as the plasmid pPT20, see figure 5.1. A BamHI deletion in the hsdS gene of 
?PT 10 was made (XPT1 1), this deletion is identical to that carried on the plasmid 
pPT22, see figure 5.1. The c.850bp BamHI fragment from the plasmid pPT25 was 
transferred to APT1 1 and the phage encoding the hybrid methylase recovered. 
(?PT12) on NM522 cells. APT12 was resistant to restriction by the original hybrid 
EcoRl7IJEcoAI restriction system (pPT25) in either NM555 or NM779 cells, 
whereas APT 10 or XPT1 1 were restricted. This phage therefore encodes the hybrid 
methylase and can protect its own DNA against restriction by the hybrid system. 
The strain NM782 (hsdA+) was chosen as a recipient for the hybrid 
methylase genes as this strain will have extensive homology with APT12. APT10 
(EcoAI hsdMS) and ?PT1 1 (hsdSALBam) readily produced stable lysogens in 
NM782 although XPT12 (hybrid EcoR171'EcoAI hsdMS) failed to produce any 
lysogens in this strain (see table 5.1). In order to demonstrate that the phages 
derived from XNM1 149 could be used to transfer hsd genes to the chromosome and 
to create an hsdAr derivative of NM782, N.E. Murray transferred the BamHI 
deletion of EcoAI hsdS from XPT1 1 to the chromosome of NM782 to create NM789 
(hsdSAJBam). This strain was used to assess the ability of the three phage (XPT1O, 
?PT1 1 and APT 12) to make lysogens. ?PT 12 again failed to produce lysogens (see 
table 5.1). To determine if this failure was a host specific effect, different hosts were 
tested. NM779 (hsdRA M S-) bahaved in the same way as NM782; no stable 
lysogens of A,PT12 could be obtained, although XPT10 and XPT1 1 produced 
lysogens readily (see table 5.1). The tests were repeated with NM779 carrying the 
pPT25 (hybrid EcoR17I1EcoAI rm) plasmid to assess if hybrid EcoRl7JJEcoAI 
methylation was causing the block to X phage lysogeny, but the presence of the 
plasmid had no effect (see table 5.1). A heteroimmune helper phage ?NM62 was 
employed to determine if some function critical for lysogeny, of XPT12 was 
impaired. In this case both phage XPT1O and APT1 1 produced lysogens as expected 
but again no lysogens were isolated with APT 12 (see table 5.1). 
In order to determine if acquisition of the c.850bp BamHI insert of EcoR 171 
sequence was responsible for the failure to produce lysogens or whether A.PT12 had 
acquired a mutation, the BamHI fragment was deleted from ?PT12. The phage 
XPT15 has lost the BamHI fragment but is otherwise identical to APT12. This phage 
lysogenised NM779 efficiently. So insertion of the BamHI fragment encoding the 
EcoR17I amino-TRD into ?PT1 1 resulted in a phage that is refractory to lysogeny; 
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Table 5.1 	Ability of hSdA phage derivatives to form lysogens. 
Table 5.1 gives an approximate number of potentially lysogenic colonies produced 
on L-agar plates for the strains indicated when plated with c1857 phage (APT 10, 
2PT1 1, X.PT12 and APT 15). The potential lysogens were selected in the presence of 
Xci (XNM63) and h80 iX ci (XNM220) see chapter 2. 
The number of colonies per plate are indicated as follows:- 
>500 colonies per plate 
100 to 500 colonies per plate 
++ 	15 to 100 colonies per plate 
+ 	 <15 colonies per plate 
Phages 
APT1O 	APT!! 	XPT12 	XPT15 
Strains 
	
hsdA (XPT1O) EcoRl7I1EcoAl (APT 12) 


















a All the potential lysogens of XPT12 in NM779 (with the helper phage) 
tested were shown not to be lysogenic for XPT12. 
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Table 5.2 	Ml 3 derivatives used for in vitro methylation assays and in 
vivo restriction tests. 
The following M13mp18 derivatives were used as substrates for DNA methylation 
using both the hybrid ECOR17/EcoAI and EcoAl methylases and also in restriction 
tests of the IA family hybrid hsdS genes. The first class of M13s contain TaqI 
fragments of the PBR322 vector in the polycloning site of M13mp18. The 
numbering of the pBR322 vector starts from the first T in the sequence GAAITC  (a 
unique EcoRI site). The total vector length is 4361bp, the pBR322 inserts in M13 
listed below cover the whole pBR322 sequence. M13-T9 and M13-T1 1 are identical 
clones. 
M13 derivative 	section of pBR322 cloned in M13mp18 
M13-TI 1268to2573 
M13-T4 652 to 1127 
M13-T8 24 to 339 
M13-T9 339 to 652 
M13-T10 4017to24 
M13-T11 339 to 652 
M13-T14 2573 to 4017 
M13-T33 652 to 1268 
The next class of M13mp18 derivatives all contain sequences from the ? genome (X 
c1857 sam7). Fragments of A cut with EcoRI and Hindlil are cloned in the 
polycloning site of M13mp18. The numbering of the 2 genome is from the left arm. 
M13 derivative section of ,% cloned in M13mp18 
M13-L3 	 21226 to 25157 
M13-L5 26104 to 27479 
M13-L9 	 36895 to 39168 
M13-L12 37584 to 39168 
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removal of the insert returns the normal lysogenic behaviour. It was noticed that the 
phage APT 12 produced plaques with unusual morphology on all strains tested even 
on the hsdKR+ strain NM522. The plaques had irregular edges and were clearer in 
the centre than those from XPT1O, APT1 1 or APT15. Whilst it is possible to 
speculate on features of the hybrid HsdS subunit interfering with both lysogeny and 
M13 growth, it was decided to proceed with an in vitro methylation assay to 
determine the amino-TRD specificity of EcoR 171, rather than investigating this 
effect further. 
Determining EcoR17l1EcoAl hybrid DNA target specificity 
using modification in vitro 
The in vitro approach to determining specificity of modification described by 
Meister et al. (1993) was followed. The plasmid pPT25 was expressed in NM679 
cells and the EcoRl7IJEcoAI hybrid methylase partially purified (see chapter 2), 
using antibodies raised against the EcoAI methylase (Murray etal., 1982) to monitor 
the purification. The EcoAl methylase was also partially purified in order to have a 
control methylase for subsequent reactions. These methylases were used to transfer 
3H methyl groups from AdoMet to various DNA substrates, see table 5.2. Initially ? 
DNA was labelled and digested with various type II endonucleases and the resulting 
DNA fragments were separated on acrylamide gels. The labelled fragments were 
visualised with fluorography, but the signals were too weak for detection within a 
convenient time period. An alternative approach in which the DNA fragments were 
separated on TBE/agarose gels and label detected by assaying for 3 H using 
scintillation counting proved more efficient (see chapter 2). 
Results 
Although ? DNA was clearly labelled using either hybrid EcoRl7lJEcoAI or 
EcoAl methylases, it was easier to determine the quantities of 3 H in linearised 
plasmids than from the complex digestion products from a ? DNA digest. A range 
of M13mp18 replicative form DNA substrates were tested (see table 5.2). These 
M13 derivatives contain various DNA inserts and the phage themselves were those 
designed for looking for DNA specificities using the in vivo restriction method. 
Figure 5.2 shows a graph of the amount of label detected in a sample of these M13 
phages labelled using the hybrid EcoR17I1EcoAI methylase. In contrast to the 
EcoAI methylase the EcoR17IJEcoAI enzyme methylates M13 without any insert, 
suggesting a target(s) in the M13mp18 itself but with the phages M13-T8 and 
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Figure 5.2 Labelling DNA substates with EcoAl and hybrid 
ECOR17/EcoAl hybrid methylases. 
The graph opposite shows the amount of activity of the DNA following transfer of 
3 H methyl groups from AdoMet to the DNA using two different methylases. The 
reactions were carried out as described in chapter 2. The samples labelled using 
ECOR17/EcoAI hybrid methylase are all prefixed A- and the samples labelled using 
EcoAl methylase are all prefixed B-. The samples are as follows: 
Hybrid ECOR17/EcoAI methylase EcoAl methylase 
Sample DNA substrate Sample DNA substrate 
l)A-M13 M13mp18 14) B-M13 M13mp18 
2) A-Ti M13-T1 15) B-T1 M13-TI 
3) A-T4 M13-T4 16) B-T4 M13-T4 
4) A-T8 M13-T8 17) B-T8 M13-T8 
5) A-T9 M13-T9 18) B-T9 M13-T9 
6) A-Tb M13-T10 19) B-T1O M13-T1O 
7)A-T11 M13-TI1 20)B-T11 M13-T11 
8) A-T14 M13-T14 21) B-T14 M13-T14 
9) A-T33 M13-T33 22) B-T33 M13-T33 
10) A-1,12 M13-L12 23) B-L12 M13-L12 
ii) A-T10-Hmod M13-T10 propagated on a NM522 pPT25 
A-pBR 	pBR322 
A-pBR-Hmod pBR322 propagated on a NM522 pPT25 
Controls 
Cl 	M13MP18 	No methylase 
A-C2 No DNA ECOR17/EcoAI hybrid methylase 
Samples 1 to 13 and 24 and 25 are the mean values of three separate experiments 
samples 14 to 23 are the mean of two separate experiments. The error bars represent 
the range of values (counts per minute) obtained for each DNA substrate. ie . the 
highest and lowest values if these are >locpm different from the mean value. 
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Figure 5.2. 
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M13-T1O the quantity of methylation approximately doubles, suggesting a second 
target site in their inserts. The insert in M13-TlO contains two GTGC half sites of 
which only one contain an adenine residue 6 to 1 2bp distance upstream of the half 
site, see figure 5.4a. There is only one adenine residue conserved between the Ml3-
T1O and T8 inserts this is 12bp from the residue methylated on the other strand. The 
only tnnucleotide that is present in the M13-T8 insert and that does not occur in one 
of the non-labelled inserts was 5' ATR, leaving a non-specific spacer of seven 
nucleotides (see figure 5 .4a for the alignment). 
The predicted trinucleotide target site is therefore 5' ATR with a non-specific 
spacer of seven bases. In order to confirm this prediction two complementary 
oligonucleotides (N9183 and N9184) containing the putative hybrid target (5' ATA-
N7-GTGC) were annealed. Labelling this short duplex, however, proved impossible 
as the partially purified methylases degraded the oligonucleotides before any 
labelling was seen (data not shown). In order to overcome this problem the 
oligonucleotide duplex was ligated to M13mp18 cut with SmaI. DNA isolated from 
the white plaques, in the presence of IPTG and X-Gal, were tested for the inclusion 
of the oligonucleotide by sensitivity to AflIII. This enzyme cleaves within the 
oligonucleotide sequence and produces a diagnostic restriction fragment pattern on a 
1% Agarose/TBE gel. 
The M13mp18 clone (pPT30) with the predicted hybrid target in the 
polycloning site was 3H-labelled using the hybrid EcoRl7I/EcoAI methylase and the 
EcoAI methylase in separate reactions, and the products were assayed for 3 H. 
Figure 5.3 shows the amount of 3H label in the various DNA substrates. pPT30 
shows approximately double the amount of 3H as Ml3mpl8 alone, when 3 H-
labelled using the hybrid methylase, implying that the short DNA oligonucleotide 
contains an extra target site (controls are as indicated on the figure). 
In order to demonstrate the the initial adenine in the trinucleotide sequence 5' 
ATR is critical for EcoRl7I/EcoAI DNA recognition, a second Ml3mpl8 derivative 
was made. This phage is made using the two complementary oligonucleotides 
P6128 and P3669, these were cloned in M13mp18 at the SmaI site. The resulting 
M13 (pPT32) contains an insert almost identical to pPT30 but with a change from 5' 
ATR to 5' CTR at the predicted EcoRl7I/EcoAI hybrid target site. These plasmids 
were again 3H-labelled using the hybrid EcoRl7I/EcoAI and EcoAI methylases and 
the amounts of label in the M13 vectors quantified. From figure 5.3 it is clear that 
the pPT31 and Ml 3mp 18 have equivalent levels of methylation compared to pPT30 
which has approximately twice as much. This evidence confirms that the predicted 
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Figure 5.3 Labelling DNA substates with EcoAl and hybrid 
ECOR17IEcoAI hybrid methylases. 
The graph opposite shows the amount of activity of the DNA following transfer of 
3H methyl groups from AdoMet to the DNA using two different methylases. The 
reactions were carried out as described in chapter 2. The samples labelled using 
ECOR17/EcoAI hybrid methylase are all prefixed A- and the samples labelled using 
EcoAl methylase are all prefixed B-. The samples are as follows: 
Hybrid ECOR17/EcoAI methylase 






8) A-C2 No DNA 
EcoAl methylase 
SamDle 	DNA substrate 
4)B-M13 M13mp18 
5)B-pPT30 pPT30 
6) B-pPT32 pPT32 
No methylase 
ECOR17/EcoAI hybrid methylase 
All samples are the mean values of three separate experiments. The error bars 
represent the range of values (counts per minute) obtained for each DNA substrate. 
ie . the highest and lowest values if these are >lOcpm different from the mean value. 
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Figure 5.3 
Labelling DNA substrates with EcoAl and 
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Figure 5.4 DNA targets specified by hybrid HsdS subunits 
Figure 5.4a ECOR17IEcoAI hybrid methylase. This shows those sequences in the 
two pBR322 inserts (those from M13-T8 and M13-T10), that were labelled using the 
hybrid ECOR17/EcoAI methylase, which have 5' GTCA (EcoAl) half sites (shown 
in bold). The position of the trinucleotide with a non-specific spacer of six base 
pairs is shown with asterisks. 
There is no identical trinucleotide sequence between these two inserts. The only 
conserved adeneine is marked ("). Therefore possible degenerate trinucleotides 
include:- 
ATR- with a 7bp spacer 
KAT- with an 8bp spacer 
Where R can be A or G and K can be G or T. The only one of these sequences to not 
occure in the other un-labelled M13 inserts tested (namely M13-L12, see figure 5.2) 
is ATR-N7-GTCA. Therefore a target of ATR-N7-GTCA is predicted, this sequence 
occurs once in M13mp18. 
Figure 5.4b ECOR13IEcoKI hybrid restriction system. The DNA sequences 
from the pBR322 inserts in the M13-T4 derivative that was restricted by the hybrid 
ECOR13/EcoKI system and which have 5' GTGC (EcoAKJ) half sites (shown in 
bold) are indicated. The position of the trinucleotide with a non-specific spacer of 
six base pairs is shown with asterisks. Of the possible seven different trinucleotides 
(shown opposite) two occur in M13mp18 and are therefore eliminated. The only 
M13 derivatives with ? inserts to be restricted were M13-L9 and M13-L12 (see table 
5.3b) implying that the target of this hybrid system is GAC-N8-GTGC. 
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Figure 5.4 DNA targets specified by hybrid HsdS subunits 
Figure 5.4a ECOR17IEcoAI hybrid methylase. 

















Figure 5.4b ECOR17IEcoAI hybrid restriction specificity. 





From this it is clear that a number of possible trinucleotides containing one or 
more adenine residues could be the specific target. Two are eliminated as they occur 
in M13 derivatives that are not restricted. 
Sequence 	 M13 clone 
AGC-N6 	 M13-T14 
GTA-N6 	 M13-T1 
Shown below are the possible trinucleotides with their non-specific spacer 
length and the M13 clones with 2 inserts that contain that particular predicted target. 
Sequence 	 M13 clone 
GAC-N6 	 M13-L3, M13-L9 and M13-L12 
GAC-N7 	 M13-L9 
ACA-N7 	 M13-L3, M13-L9 and M13-1_12 
TGA-N8 	 none of the M13s 
GAC-N8 	 M13-1,9 and M13-L12 
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sequence is necessary for methylation by the hybrid enzyme, and supports the 
prediction of the ATR-N7-GTCA DNA target site. 
Discussion 
Clearly the short BamHI sequence of ECOR17 cloned in the context of 
XPT 11 is responsible for preventing the formation of lysogens in the E. coli strains 
tested, and may have been responsible for preventing M13 from plating. By 
substituting the short BamHI sequence of EcoR 171 5' variable region for that of 
EcoAl the resulting phage (2.PT12) is refractory to lysogeny and by then removing 
the 5' variable region of XPT12 the resulting XPT15 lysogenises as well as the 
starting phage. It is still not clear what characteristic of this EcoR17I 5' variable 
region and its inclusion in the EcoAI hsd deletion genes causes the M13 inviability 
and prevents X phage from making lysogens. This effect appears to be independent 
of the restriction phenotype of the hybrid system as restriction deficient cells still 
prevent 2PT12 lysogen formation. It would be interesting to see whether an M13 
phage with a mutation at the EcoRl7JJEcoAI hybrid target site would plate on either 
NM555 pPT25 or NM779 pPT25. Also the position of the predicted 
EcoR17JJEcoAI target sites within the 2 genome does not give any obvious clues as 
to why the ? phage failed to produce lysogens, and methylation by the 
EcoRl7JJEcoAI hybrid methylase did not interfere with APT 1O or ?PTl 1 lysogeny. 
Clearly the hybrid system is capable of restricting X phage and, on the basis of the in 
vitro work, is also capable of producing a functional methylase, demonstrating that 
despite the problems encountered in determining the specificity of this system the 
hybrid HsdS subunit was functional. 
The target sequence 5' ATR is not similar to trinucleotide target, 5' AAC, of 
EcoKI and StySPI with which the EcoRl7I sequence aligned, see figure 4.7a. 
However, the first adenine is conserved and the similarities seen in the alignment 
may reflect simply the recognition of this one base. The EcoKI HsdS amino acid 
tyrosine 27 identified by Chen et al. (1995) to be cross-linked to bromodeoxyuridine 
in close proximity to the first two adenines of the 5' AAC, is similar in EcoR 171 (a 
phenylalanine in this case) as are the neighbouring amino acids. Similarities at the 
level of the EcoRl7I alignment (28%) may only reflect partial identity of the DNA 
target compared to the higher levels seen between TRDs of identical target 
specificity, EcoAI, EcoEI and StyLTIII which all specify 5' GAG show 38% identity 
(see figure 4.3b). It may be possible, in future, with more alignments which reflect 
only a partial DNA target similarity to determine amino acid sequences responsible 
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for recognising individual base pairs or di-nucleotide pairs within the TRDs. Whilst 
the spacing of the methylated adenines in the EcoRl7I/EcoAI target is 12bp 
(including both adenines) which is lbp longer than that seen in any characterised 
system, this may not represent the adenine spacing in the original EcoR 171 target. 
Strategy to determine IA family TRD targets 
A strategy was devised to substitute the 5' variable region of the hsdS gene of 
E.coii K-12 with that of an ECOR PCR product in a similar way to the system used 
to create hybrid hsdS genes within the lB family. Firstly, a cassette system was 
needed to substitute the 5' variable region of the EcoKJ hsdS gene with those from 
the ECOR strains. Although a BamHI site in the 3' end of the hsdM gene provided 
an upstream target site, the hsdSK gene did not have a convenient target in the 
central conserved region. Therefore PCR primers were designed to produce a Sail 
site in the central conserved region by changing hsdS base 537 A—C which is a 
synonymous change of HsdS valine codon 179. Two primers were designed to 
cover the Sail mutation in the central conserved region, G1026 to amplify 
downstream towards another primer 669Y at the end of the hsdS gene which also 
introduced an EcoRI site (see figure 5.5) and G1027 to amplify upstream towards a 
primer covering the BamHI site in hsdM, G1025. The PCR reactions described in 
chapter 4, were completed with the two primers G1025 and G1027 to enable direct 
subcloning of these PCR products after sequencing into the hsdSK gene cassette 
system. 
The following PCR mutagenesis inserted a Sail site into the central conserved 
region of EcoKII hsdS. Two PCR products of E.coii K-12 hsd region were obtained 
one from the primers G1025 to G1027 and the second from 669Y to G1026 these 
two products were then combined and the full length PCR product from G1025 to 
669Y amplified. This PCR product was transferred to a pUC 18 derivative vector, 
also cut with BamHI and EcoRI. This created the plasmid pUES6 which encodes an 
active EcoKJ methylase, as determined by its ability to modify Avir.O against EcoKJ 
restriction (see figure 5.5). The BamHI to Sail fragment in this plasmid was 
removed and replaced with a BamHI-Sall fragment from the ? genome as a stuffer 
fragment, creating the plasmid pHT5 (see figure 5.5). This plasmid served as the 
vector for inserting the new, ECOR, 5' variable regions into hsdSK. 
Figure 5.5 Strategy to construct hybrid IA famiy hsdS genes. 
The figure shows schematic diagrams of the hsdS gene constructs that were used to 
produce the chimeric IA family HsdS Subunits. 
The 3' end of the EcoKI hsdM gene and the hsdS gene are shown, the Sail 
site and the EcoRI site were introduced by PCR mutagenesis by Mary O'Neill. The 
whole of the hsdM gene is not shown although in the vector pUES6 both hsdM and 
hsdS are present, capable of producing an active EcoKI methylase. 
A 1.2kb fragment of the A. genome cut with BamHI and Sail was substituted 
for the wild-type EcoKlI sequence by Helena Thomaides. The resulting plasmid 
pHT5 no longer produces an active methylase. 
C) 	The hybrid methylase is created by substituting A. stuffer fragment with the 
PCR product (d) the using the BamHI and Sail restriction sites. These plasmids 
were screened for their ability to complement the EcoKI hsdR gene of NM522 to 
produce an active restriction system. pHT7 contains the ECOR23/EcoKI hybrid 
hsdS gene and pPT3 1 contains the ECOR13/EcoKI hybrid hsdS gene. 
The PCR product is amplified from a novel hsdMS substrate (e). The primers 
01027 and G1025 contain BamHJ and Sail sites respectively, hence the product has 
these restriction targets at its termini as shown. 
Novel IA family hsd genes are assumed to be sufficiently similar to the 
EcoKI sequence for the primers G1027 and G1025 to anneal. Subsequent results 
from the PCR reactions proved this to be the case. 
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Figure 5.5 Strategy to construct hybrid IA family hsdS genes 
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I 	i EcoKI hsdS variable regions 
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hsdM sequence 
novel hsdS variable regions 
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Determining EcoR23I/EcoKI hybrid DNA target specificity 
using restriction in vivo 
The EcoR23I 5' variable region sequence is identical to that of EcoDI (see 
chapter 4), therefore it is predicted that the TRD encoded by this sequence would 
recognise the trinucleotide 5' TTA. The EcoR2311EcoKJ hybrid construct 
(pHT7)was made by Helena Thomaides and shown to encode a methylase which 
could interact with HsdR, encoded on the chromosome of NM522 to produce a 
restriction enzyme as determined by restriction of Avir.O. 
A range of M13mp18 phage with DNA inserts covering the pBR322 
sequence were tested for restriction by this hybrid EcoR231IEcoKJ specificity, see 
table 5.3a. It is clear that M13mp18 with no DNA insert is restricted by the 
EcoR2311EcoKI hybrid. Analysis of the M13mp18 sequence with the FindPatterns 
computer program revealed only one 5' GTGC half site (of EcoKI) that had 5' TTA 
seven bases upstream. This was the sequence 5' CTATTAGTTGTTAGTGCACC at 
position 4732bp on the M13mp18 genome, containing a non-specific spacer of seven 
bases between the two components of the putative target site for the EcoR2311EcoKJ 
hybrid enzyme. To obtain further evidence for this prediction, M13mp18 phage 
were mutated to render them resistant to EcoR2311EcoKI restriction. M13mp18 
lysates were made firstly with a mutD (hsd)E host, NM720 that has an error-prone 
DNA polymerase to increase the frequency of point mutations in the M13 genome. 
Secondly, this M13 lysate was grown on the hybrid EcoR2311EcoKlI restricting strain 
(pHT7 in NM522) and thirdly grown on NM522 to remove hybrid modification. 
The second and third steps were repeated five times and the NM522 lysates titred on 
both NM522 and pHT7 in NM522 at each cycle. After the fifth cycle M13 clones 
were isolated that were resistant to hybrid EcoR2311EcoKJ restriction. DNA was 
prepared from one resistant M13 clone (M13mp18-23) and the region covering the 
predicted DNA target was sequenced, see figure 5.6a. The sequence 5' 
CTATTAGTTGTTAGTGCACC in the wild type M13mp18 has been mutated to 5' 
CTATTGGTTGTTAGTGCACC implying that the predicted target TTA-N7-GTGC 
is correct. 
Determining EcoRl3I/EcoKI hybrid DNA target specificity 
using restriction in vivo 
A similar construct was made from the cloned PCR product of ECOR13. 

















Figure 5.6 Sequence of predicted EcoR23I/EcoKI 
target site in two M13 derivatives. 
Figure 5.6 Shows the autoradiograph of a DNA sequencing gel of 
sequencing reactions with both M13mp18 template and M13mp18-23 (a 
clone resistant to EcoR23I1EcoKI restriction) template, sequenced with the 
oligonucleotide P5655. This covers the predicted target site in M13mp18 
of the EcoR23JJEcoKI restriction target site. The sequence of the 
M13mp18-23 clone differs at one site, shown in bold, from that of 
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Table 5.3 	This table shows the efficiency of plating (eop) of the various M13 
derivative phages shown in the left hand column, on the strains carrying the plasmids 
on the top row, relative to a non-restricting strain NM522. NM522 pPT31 
(EcoRl3/EcoKJ r) restricts four M13 derivatives (M13-T4, M13-T33, M13-L9, and 
M13-L12). NM522 pHT7 (EcoR231EcoKI r) restricts all the M13 derivatives. 
NM522 	 NM522 
Bacterial Host 	pPT31 pHT7 
Phage 
M13mp18 8xlO 3x10 3 
M13-T1 1.4 2x10 3 
M13-T4 1.5x10 2 1.2x10 2 
M13-T8 7.6xlO 1.5x10 2 
M13-T9 6.3xlO 9.1x10 3 
M13-TlO 7.3xlO 1.lxlO 2 
M13-T14 7.2x1O 3.4x10 3 
M13-T33 6.6x10 2 8.8x10 3 
M13-L3 1.0 9.7x10 3 
M13-L5 1.3 6.4x10 3 
M13-L9 1.3x10 2 1.4x10 2 
M13-L12 9.8x10 3 5.6x10 3 
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it is not possible to make any predictions about the trinucleotide target. The BamHI-
Sail PCR product of ECOR13 was transferred to pHT5. The resulting plasmid, 
pPT31, was isolated which when expressed in NM522 produced a functional 
restriction enzyme. The M13 plasmids were again tested for restriction by this 
hybrid EcoR1311EcoKJ specificity, see table 5.3. The only targets restricted were 
those from M13-T4 (and the overlapping fragment M13-T33), M13-L9 and M13-
L12 (see table 5.3), and an analysis of the half sites within the sequences contained 
in these M13 constructs, predicted the trinucleotide target 5' GAC with a non-
specific spacer of eight nucleotides, see figure 5.4b. By isolating phage resistant to 
EcoR131JEcoKI restriction (as for EcoR23IIEcoKI) or by inserting short DNA 
sequences into the M13mp18 polycloning site it is hoped to confirm this target. 
Conclusions 
The in vivo approach to determining hybrid hsdS gene specificity was not 
found to be the most efficient method for the lB family TRD from EcoR 171, 
although this appears be an unusual characteristic of this particular sequence. 
Further experiments with other hybrid lB family members, such as StySTIJEcoAI or 
StySKI/EcoAI, will reveal whether or not the problems of M13 growth (and 
lysogeny) were strictly limited to the EcoR17I 5' variable region. For the IA family 
members the hybrid hsdS genes proved an efficient means to identify TRD DNA 
specificity. 
This work also further demonstrates the flexibility of the type I HsdS 
subunits, as all of the hybrid subunits constructed were functional. The hybrid hsdS 
genes constructed here together with the previous hybrid hsdS gene constructs 
discussed earlier in this chapter, demonstrate that TRDs seem to be able to function 
in a wide variety of combinations. The hsdS EcoRl7IJEcoAI hybrid is the first lB 
family hybrid hsdS gene and functions in a similar way to those from other families. 
Clearly variable regions within the IA, lB and IC families can be reassorted between 
pairs of hsdS genes, within their family, to produce new target specificities. The 
analysis of ECOR strains by Barcus et al. (1995) and that described in chapter 4 
suggests that this reassortment may be relatively common in nature. It would be 
more challenging to try reassorting variable regions between families or from the 5' 
to 3' (or visa versa) ends of the hsdS gene. Whilst sequence analysis, discussed in 
chapter 4, suggests this sort of rearrangement may have occurred naturally, it would 
be a major step to show that such a rearrangement was functional. Whether or not 
cross-family variable region recombination occurs in nature, the independent 
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domain-like TRDs offer the type I R-M enzymes a convenient way to create new 
DNA specificities. There are 64 possible trinucleotide sequences of which 37 
contain one or more adenine residues, not including degenerate targets, and its seems 
likely therefore that there would be many more TRD sequences available than have 
been characterised to date. The method outlined in chapters 4 and 5 offer a 
convenient way of characterising these sequences and the comparison of both the 
amino acid sequence and DNA targets can provide a means of identifying regions 






Type I R-M DNA specificity 
The DNA targets of the type I R-M systems are bi-partite, each part of the 
DNA target is recognised by an independent domain (TRD) within the HsdS subunit 
(Gann et al., 1987; Gubler et al., 1992). In vivo, members of a single family of type 
I enzymes transfer the TRDs between them generating new R-M specificities (Bullas 
et al., 1976; Fuller-Pace et al., 1984; Nagaraja et al., 1985c). Conserved sequences 
separating the variable regions may provide a means by which TRD sequences could 
be transferred between hsd systems of the same family, by recombination. 
Transferring TRDs between hsd systems is not the only way in which new type I 
specificities can be generated in vivo; changes in the spacer length (Glover et al., 
1983; Price et al., 1987b; Price et al., 1989) and deletion events (Skrzypek and 
Piekarowicz, 1989; Meister et al., 1993) have also been shown to create new DNA 
specificities. The modular nature of the TRD sequences potentially allows a large 
diversity of DNA specificities to be determined by a relatively few TRD sequences. 
It is thought that generating new DNA specificities would be of advantage to a strain 
when establishing itself in a new environment, in order to defend against phage 
infection (Levin, 1986). The information derived from the sequence of the PCR 
amplified variable regions (see chapter 4) implies that intra-family exchange is a 
natural process which allows new DNA specificities to be generated by 
recombination of the available variable regions to create novel combinations. For 
example EcoR23I has an amino-TRD sequence identical to EcoDI but its specificity 
is different from EcoDI implying a reassortment of TRD sequences at this hsd locus, 
similarly EcoR42I has an amino-TRD sequence identical to EcoAI but a different 
DNA specificity. 
The ECOR collection of wild-type E.coIi 
A screen of members of the ECOR collection of wild-type E.coli strains 
using family specific hsd DNA probes (Barcus et al., 1995) demonstrated that the 
relationship between the hsd sequences did not correlate with the relationships based 
upon MLEE. This supports evidence that the chromosomal hsd locus, a part of the 
immigration control region, is a mobile region that can be transferred between 
strains. The experiments described in chapter 4 suggest that the sequences encoding 
TRDs can be transferred independently of the hsd system. Analysis of the variable 
region sequences from the archetypal members of each family EcoKI, EcoAl and 
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EcoR 1241 suggest that these regions may have originated from another species (see 
chapter 4, figure 4.1). 
Comparative analysis of TRD sequences 
TRDs which recognise similar or identical DNA targets have been shown to 
share sequence identity (for example see figure 4.3a). By analysing sequence 
alignments which show only partial sequence identity (for example see figure 4.3b) 
it is possible to observe regions within the TRD which may be of importance in 
DNA interaction, and may define TRD sub-domains. Structural studies with type II 
restriction enzymes and methyltransferases, have illustrated a range of structural 
motifs by which these enzymes recognise a specific DNA sequence (see chapter 1), 
common to many of these are short recognition loops that contact the DNA in the 
major groove making specific hydrogen bonds with the DNA bases and backbone. It 
is tempting to imagine that the conserved sequences in the type I TRDs may indicate 
similar structures within these DNA recognition domains. Clearly the type I 
enzymes share a catalytic domain with type II enzymes (Dryden et al., 1995), it 
seems likely that this domain is conserved in AdoMet dependent methylases (Cheng, 
1995). The process of "flipping-out" bases, observed for M.HhaI, seems likely to be 
conserved in a number of different enzymes including E. coli exonuclease III and 
Ada repair enzyme (Roberts, 1995). For purely steric reasons it is clear that a large 
section(s) of the TRD structure cannot be directly in contact with the DNA and it 
would be interesting to determine if this region simply acts as a scaffold structure for 
the DNA recognition motifs or whether the TRDs play other roles in the type I R-M 
systems. 
A comparison of TRD sequences could specifically indicate which TRD 
residues would be initial candidates for a site-directed mutagenesis approach and in 
the absence of crystallographic or NMR data this may be the best way to investigate 
TRD-DNA recognition further. A random mutagenesis approach to studying the 
whole of the amino TRD of EcoKI HsdS is currently underway (Mary O'Neill pers. 
comm.) this should indicate which amino acids are critical for the function of the R-
M systems, both for DNA specificity and for other possible structural roles, as well 
as those amino acids which can be altered without effect. It will be interesting to 
correlate the results from this study with those from partial sequence alignments, 
such as those between EcoKT, StySPI and EcoR 171 amino TRDs (see figure 4.7a). 
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Inter-family TRD sequence alignments 
All the alignments of TRD sequence that have a common specificity, but 
have only partial identity (<90%) are inter-family alignments, see chapter 4. It is not 
clear how these TRDs are related, the sequence similarity is consistent with either a 
common ancestor or convergent evolution. It is possible that variable regions are 
exchanged between families in a similar way to intra-family recombination. Short 
conserved sequences identified at the protein level by Cowan et al. (1989) and 
Kneale (1995), are also observed at the DNA level (data not shown), and provide 
possible sites for inter-family variable regions recombination. If this occurs in 
nature, we might expect to see identical (or nearly identical) variable regions 
between families. This has not been seen with the TRD sequences previously 
characterised (see figures 4.3b, 4.7a, and 4.9) and none of the 13 variable regions 
isolated using the PCR shows high levels (>60%) of identity with a member of a 
different family (see table 4.1). Sequencing a greater number of variable regions 
may reveal inter-family identities, but at the present time it appears as though recent 
inter-family TRD exchanges are either absent or very rare in nature. 
The IC family hsdS deletion derivatives (Skrzypek and Piekarowicz, 1989; 
Meister et al., 1993; Abadjieva et al., 1993) indicate that an amino-TRD can 
function as a carboxy-TRD, and the alignment between the amino-TRD of StySIU 
and the carboxy-TRD of EcoR 1241 (see figure 4.9) supports this conclusion. If 
variable regions can exchange from the 3' to 5' end of the hsdS gene and visa versa, 
this provides another mechanism for changing specificity. However, it is not clear 
how an amino-TRD specifying a trinucleotide target could switch to the carboxy-
TRD and specify a tetralpentameric target. This similarity may be an indication of a 
gene-duplication event followed by subsequent reassortment of TRD sequences. 
Extending the analysis of the ECOR collection could provide answers to some of 
these questions regarding the origin of DNA specificity in the complex type I R-M 
systems. 
Specificity of individual TRDs 
The methods discussed in chapter 5 provide a way to characterise the 
amplified TRD target specificity separately from the rest of the hsd locus of the 
ECOR strain. As new hsd loci are sequenced, alignments are likely to be found with 
the ECOR TRD sequences. The recent publication of the entire sequence of the 
Haemophilus influenzae Rd genome (Fleischman et al., 1995) has provided such an 
alignment with the TRD sequence amplified from ECOR13. The amino-TRD of the 
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hsdS gene identified in the Haemophilus influenzae genome is 30% identical to that 
of ECOR1 3 (see figure 6.1). This inter-family alignment shows partial identity 
between the two TRD sequences. From the results discussed in chapter 5 it may be 
speculated that the Haemophilus influenzae amino-TRD specifies a sequence similar 
or identical to 5' GAC. 
The potential value of the approaches described in this thesis should increase 
by extending the comparisons to include other hsdS genes. Additional alignments 
providing more partially identical TRD sequences should enable accurate predictions 
of the TRD secondary structure using programs such as the Predictprotein software 
(see chapter 4). A comparison of secondary structure data with the crystallographic 
data from the type II R-M enzymes may provide structural answers as to how these 
large TRD domains interact with the short DNA targets that they specify. 
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Figure 6.1 Alignments of amino TRD sequences 
Figure 6.1 shows an alignment between the predicted amino-TRD of the hsdS gene 
identified in Haemophilus influenzae Rd (Haem) see Fleischman et al. (1995) and 
the predicted amino-TRD from ECOR13 (R13) see chapter 4. The conventions are 
as described in chapter 2 and the numbering is from the start of both the HsdS 
subunits. The sequences are approximately 30% identical. This alignment was 
kindly provided by Shane Sturrock. 
22 ** ** 	** 	+ ** 	+ * 	+ *+* 
Haem LDevaniVNN arkpvk.ssl rvsGN.IPyY GAnniqdyVe gYthEgEFV1 
R13 LDsmrvpVNN sergsriagk keriGNflPiF GAtgevgkld dYifDeELVa 
72 ++ ** 	*** 	* *+ 	* * +* 	*** 
Haem iaEDGsasLE ny.siqwav. GKfwaHNHvH VVngkekL.n NrFLyHYLtn 
R13 1gEDGvpfFD ghknkaymly GKtrvNNHaH VlraisgLsh NkYLcHYLnq 
122 + 	+ 	* * 	*** 	* * 145 
Haem mnFipFlaGk eRaKLTkAk1 qqiP 
R13 fdYhdYvnGg tRlKLTqAnin rklP 
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APPENDIX 1 
The hsdS 5' variable region sequences amplified using the PCR from strains 
carrying IA and LB family hsd systems are listed below. In all cases two clones of 
each PCR product were sequenced. The DNA sequences are written 5'-3' and the 
predicted peptide sequences that the DNA encodes is written below in the 
amino—carboxy direction. 
lB family 5' variable region sequence 
ECOR15 
DNA 
GATGGGAGTG GACAACGCTA ACTAGAATTG CGGAAATAAA TCCTA1.AATT 
GATGTCAGTG ATGATGAGCA AGAAATATCA TTTATTCCAA TGCCACTCAT 
ATCAACTAAA TTPGATGGCT CGCATGAATT TGAAATAAAA AAATGGAAAG 
ATGTTAAAAA AGGTTATACA CACTTTGCTA APGGTGATAT CGCTATTGCA 
AAAATAACAC CTTGCTTTGA AAATAGTAAA GCAGCTATTT TTTCTGGCTT 
AAAAACGGC ATTGGTGTTG GAACAACAGA ATTACATGTT GCACGCCCTT 
TTAGCGATAT AATTAkTCGA AAATATCTTC TTTTAAACTT TAAATCACCT 
AATTTTCTTA AGTCTGGTGA ATCACAAATG ACTGGTTCTG CTGGTCAGAA 
ACGTGTTCCA AGGTTTTTTT TTGAAAATAA 
Peptide 
WEWTTLTRIA EINPKIDVSD DEQEISFIPM PLISTKFDGS HEFEIKKWKD 
VKKGYTHFAN GDIAIAKITP CFENSKAAIF SGLKNGIGVG TTELHVARPF 
SDIINRKYLL LNFKSPNFLK SGESQMTGSA GQKRVPRFFF EN 
ECOR17 
The sequence from ECOR17 was sequenced with pUC18 primers and hence 
includes the sequence of the primers used for PCR amplification. These sequences 
are shown underlined. 
DNA 
ATTAGCGAGG AAGAGAAGCC GTTTGAATTG CCGGAGGGAT GGGAGTGGGT 
GCGATTGGGT GACTTTACCA ATATCATTCG TGGCATAACT TTTCCAGGAA 
ATGAGAAGTC TCAATTTCAA GCCCCAGGTA AAATAGCTTG TTTACGAACA 
GCGAACGTGC APGAACAAAT AGATTGGGAT GATTTAATAT ATATATCTGA 
TAGTTTTGTA AAGCGAGATG ATCAATACCT CCAAGAACAC GATATAGTCA 
TGTCTATGGC AAATAGTCGT GAATTGGTTG GTAAGTGCCT AGCTTCTCTA 
CCTGATAATA GCAAATTTAC ATTTGGCGGA TTCTGGAGTG TATTGAGACC 
ATTAGTTGTT AATGAPJTTT ATTTAATGGC CTTACTCAGA TGCGAAACTT 
ATAMTCACA GTTAATTGAA TCAGCAAGTC AA1CTACAA1 TATTGCTAAT 
ATATCGTTAG CAAAACTTAA CCCATTACCA GTATGTATTC CTCCAGCTAA 




ISEEEKPFEL PEGWEWVRLG DFTNIIRGIT FPGNEKSQFQ APGKIACLRT 
ANVQEQIDWD DLIYISDSFV KRDDQYLQEH DIVMSMANSR ELVGKCLASL 
PDNSKFTFGG FWSVLRPLVV NEIYLMALLR CETYKSQLIE SASQTTNIAN 
ISLAKLNPLP VCIPPAKEQI HIVKKNNELM .SICDOLE 
ECOR42 
DNA 
GGGAGTGGAC AACGCTAACT AGAATTGCGG AAATAAATCC TAAAATTGAT 
GTCAGTGATG ATGAGCAAGA AATATCATTT ATTCCAATGC CACTCATATC 
AACTAAATTT GATGGCTCGC ATGAATTTGA AATAAAAAAA TGGAAAGATG 
TTAAAAAAGG TTATACACAC TTTGCTA1TG GTGATATCGC TATTGCAAAA 
ATAACACCTT GCTTTGAAAA TAGTAAAGCA GCTATTTTTT CTGGCTTAAA 
AAACGGCATT GGTGTTGGAA CAACAGAATT ACATGTTGCA CGCCCTTTTA 
GCGATATAAT TAATCGAAAA TATCTTCTTT TAAACTTTAA ATCACCTAPT 
TTTCTTAAGT CTGGTGAATC ACAAATGACT GGTTCTGCTG GTCAGAAACG 
TGTTCCAAGG TTTTTTTTTG AAAATAATCC TATTCCCTTC CCTCCATTGC 
AAGAACAAGA 
Peptide 
EWTTLTRIAE INPKIDVSDD EQEISFIPMP LISTKFDGSH EFEIKKWKDV 
KKGYTHFANG DIAIAKITPC FENSKAAIFS GLKNGIGVGT TELHVARPFS 




GGGTGGGAGT GGGTGCGATT GAATGATGTT GCGGAATACA TTCAACGAGG 
GAAAGGCCCA AA1TATTCTG AACACGGCCA TGTCAGAGTT GTATCGCAAk 
AATGTGTGCA ATGGAATGGT TTCAAATTAG AAGTCTCCAG ATGGATTACT 
GATGAATCCG TTGACTGCAT ATCAGAAGAA GATCTTTTCG TAAAGATGGA 
GAGCTTCTTG GAACTCACTG GAGCAGGTGG TACGTCTGGT AGGGCTATTT 
ACCTTCCAGC GGTTACGAAA CTTGTTGTTG ACAGCTCGTC GTTAATCAGA 
ACAATTAAAC AGAACGGGCA ATTCATTTGT AACTATATAT CTCATTATGG 
AATTCAGCAG CGCTTCGATC CAAAGCATCC AAATACGTTG CTTTCTGGAA 
CAACAAACCA ACCGGAACTA AATGCTTCTG TCGTTACCTC TTTCATGACG 
CCTTTTCCAC CTCAAAAGGA ACA1GAAAG 
Peptide 
GWEWVRLNDV AEYIQRGKGP KYSEHGHVRV VSQKCVQWNG FKLEVSRWIT 
DESVDCISEE DLFVKMESFL ELTGAGGTSG RAIYLPAVTK LVVDSSSLIR 
TIKQNGQFIC NYISHYGIQQ RFDPKHPNTL LSGTTNQPEL NASVVTSFMT 
PFPPQKEQE 
IA family 5 variable region sequence 
ECOR5 
The sequencing of the ECOR5 clones was completed by Helena Thomaides. 
DNA 
172 
ATGAGTGCGG GGAAATTGCC GGAGGGTGGG TTGGAAACCT ACCTTTCTGA 
AATATGTAGT AA.ACCACAAT ATGGTTATAC AACTAAGTCG AGCTTTACAG 
GTAATGTAAA ATTTTTAAGA ACTACAGATA TTACTAAAGG TACTGTGGAT 
TGGTCCACTG TACCTTATTG TTTGCAAAAT CCTGATGATA TACTTAAATA 
TCAGCTTCAA GATCGAGATA TTGTTATATC CCGGGCTGGT TCCGTAGGTT 
PTAGTTTTTT AGTAAAAAAC NCACCGAATA ATGCTGTCTT TGCTTCGTAC 
CTGATCAGAT TCAAACCTTT TGATAATATT TCAGAGCTTT ACTTGAAGGC 
GTTTTTTAGA GTCCGGCAAC TATTGGGTTC AGCTTGCCTC TATGTCGGCT 
GGAAATGCAT TACAAAATGT AAATGCTCAA AAATTATCCA GCTTATAGTA 
CCAATTCCTC CACTTGCCGA A 
Peptide 
MSAGKLPEGG LETYLSEICS KPQYGYTTKS 
WSTVPYCLQN PD]DILKYQLQ DRDIVISRAG 







ATGAGTAAAA ATTTGCCAAA TATGCCAGTT TACGGTGATG TTTTGACCCT 
CATCAATGGC AGAGCATATA AGAAAGAAGA AATGCTCACA GAAGGTGTTC 
CTATTCTCAG AATTCAAAAT TTGAATGGAG GGAATAAATG GTTTTATTCC 
AACTTAGAGC TACAGGAAGA TAAATATTGC TATAAAAATG ATCTCCTATA 
TCCTTGGTCA GCAACATTTG GTCCATATTG GTCGAAGTGG GATCATAAAC 
TAATTTATCA CTACCATATT TGGAAGATTG AAACATCCCT GCTCTTAATA 
AGCAATTTGC TTATTATGCT TATTATGCAT TATTGGAATA TTACAGAGGC 
ACTTAAAGCA TCGGCTCACG GCGTGGCAAG TCCACATATT ACCAAAGCTG 
GAATGGAGGC TTGGGAAATA CAACTTCCTC CAATTTCAG 
Peptide 
MSKNLPNNPV YGDVLTLING RAYKKEEMLT EGVPILRIQN LNGGNKWFYS 
NLELQEDKYC YKNDLLYPWS ATFGPYWSKW DHKLIYHYHI WKIETSLLLI 
SNLLIMLIMH YWNITEALKA SAHGVASPHI TKAGMEAWEI QLPPIS 
ECOR11 
DNA 
ATGAGTTTCA ACTCAACATC AAAAGAATTA ATTGAGCAAA ATATCAATGG 
GTTACTTTCA ATCCATGATA GCTGGTTACG TATTTCAATG GATTCCGTAG 
CAAACATCAC AAACGGTTTT GCTTTTAAGT CGTCAGAATT TAATAATCGT 
AAAGATGGTG TACCATTAAT TAGAATTCGT GATGTTCTAA AAGGTAATAC 
ATCGACTTAT TACTCGGGTC AAATTCCTGA GGGATATTGG GTATATCCCG 
AAGACTTAAT CGTGGGAATG GATGGTGATT TTAATGCAAC TATATGGTGC 
TCAGAACCAG CTCTGTTAAA TCAACGAGTA TGTAAAATTG AAGTTCAGGA 
AGACAAATAC AATAAAAGGT TTTTCTATCA CGCCTTACCA GGATATTTAT 
CCGCAATCAA TGCAAATACG TCCTCGGTTA CTGTAAAGCA TCTTTCTTCC 
AGGACACTTC AAGATACCCT ACTTCCGTTG 
Peptide 
MSFNSTSKEL IEQNINGLLS IHDSWLRISM DSVANITNGF AFKSSEFNNR 
KDGVPLIRIR DVLKGNTSTY YSGQIPEGYW VYPEDLIVGM DGDFNATIWC 





ATGAGTGCGG GGAAATTGCC GGAGGGGTGG GTTATCGCCC CAGTATCTAC 
GGTCACAACT CTAATCCGAG GAGTAACGTA TAAAAAAGAG CAGGCAATAA 
ATTATCTAAA AGATGATTAT TTGCCTCTTA TCCGTGCGAA CAATATTCAG 
AATGGCAAGT TTGATACTAC GGACTTGGTT TTTGTTCCTA AAAATCTTGT 
TAAAGAPJGT CAAAAATAT CTCCTGAAGA TATTGTTATT GCAATGTCAT 
CAGGGAGCAA ATCCGTAGTT GGTAAATCCG CACATCAGCA TCTACCATTT 
GAATGTAGTT TCGGCGCATT TTGCGGTGTA TTACGTCCTG AAAAACTTAT 
ATTTTCTGGT TTTATTGCTC ATTTCACAAA ATCTTCTCTT TATCGAAACA 
AAATTTCATC ACTTTCTGCT GGTGCAAATA TTAATAATAT TAAGCCGGCA 
AGCTTTGATT TGATAAATAT ACCAPTCCCA CCACTTGCCG AACAAAAAAT 
CATCG 
Peptide 
MSAGKLPEGW VIAPVSTVTT LIRGVTYKKE QAINYLKDDY LPLIRANNIQ 
NGKFDTTDLV FVPKNLVKES QKISPEDIVI ANSSGSKSVV GKSAHQHLPF 




ATGAGTCCCG GGAAATTCCC GAAGGGGTGG GTTGAAACTC AATTAGAAAA 
TATCGTTGAT ATTTTAGACT CAATGCGTGT CCCGGTTAAT AATTCTGAGA 
GACAATCACG CATTGCAGGA AAAAAAGAAA ATGGCAACTT TATCCCTATT 
TTCGGTGCTA CCGGTGAAGT CGGTAAAATT GATGATTATA TTTTTGATGA 
AGAACTTGTT GCATTAGGTG AAGATGGTGT TCCTTTTTTT GATGGGCACA 
AAAATAAGGC TTATATGCTG TATGGTAAAA CGCGGGTGAA TAATCATGCT 
CATGTAATAA GAGCTATCTC TGGACTAAGC CATAACAAGT ATTTATGCCA 
TTATCTTAAC CAATTCGACT ATCATGATTA TGTAAACGGC GGGACCAGGC 
TTAAACTTAC ACAAGCGAAT ATGAGAAAAC TACCTGTTAG TTTAGCGCC 
Peptide 
MSPGKFPKGW VETQLENIVD ILDSMRVPVN NSERQSRIAG KKENGNFIPI 
FGATGEVGKI DDYIFDEELV ALGEDGVPFF DGHKNKAYML YGKTRVNNHA 
HVIRAISGLS HNKYLCHYLN QFDYHDYVNG GTRLKLTQAN MRKLPVSLA 
ECOR23 
The sequencing of the ECOR23 clones was completed by Helena Thomaides. 
DNA 
ATGAGTGCGG GTAAATTACC AGTTGATTGG AAGACTGTCG AATTGGGGGA 
GTTGATAAAA TTATCTACAG GGAAACTTGA TGCGAATGCT GCAGATAATG 
ATGGTCAGTA CCCATTTTTC ACCTGTGCAG AATCAGTTTC TCAAATTAAC 
TCTTGGGCCT TTGATACTAG TGCGGTACTT CTGGCAGGCA ATGGTTCATT 
TTCTATCAkA AAATACACGG GAAAATTTAA CGCTTACCAA CGCACCTATG 
TTATTGAGCC AATATTAATA AAAACCGAAT TTTTATATTG GTTACTTCGT 
GGAA1TATAA AAAAAATCAC GGAAAATGGC CGAGGCTCGA CTATACCTTA 
TATACGTAAG GGGGACATTA CAGACATAAG CGTCGCACTT CCTT 
174 
Peptide 
MSAGKIJPVDW KTVELGELIK LSTGKLDANA ADNDGQYPFF TCAESVSQIN 
SWAFDTSAVL LAGNGSFSIK KYTGKFNAYQ RTYVIEPILI KTEFLYWLLR 
GNIKKITENG RGSTIPYIRK GDITDISVAL P 
ECOR24 
DNA 
ATGAGTGCGG GGAAATTGCC GGAGGGGTGG GTTATCGCCC CAGTATCTAC 
GGTCACAACT CTAATCCGAG GAGTAACGTA TAAAAAAGAG CAGGCAATAA 
ATTATCTAAA AGATGATTAT TTGCCTCTTA TCCGTGCGAA CAATATTCAG 
AATGGCAAGT TTGATACTAC GGACTTGGTT TTTGTTCCTA AAAATCTTGT 
TAAAGAAAGT CAAAAAATAT CTCCTGAAGA TATTGTTATT GCAATGTCAT 
CAGGGAGCAA ATCCGTAGTT GGTAAATCCG CACATCAGCA TCTACCATTT 
GAATGTAGTT TCGGCGCATT TTGCGGTGTA TTACGTCCTG APAAACTTAT 
ATTTTCTGGT TTTATTGCTC ATTTCACAAA ATCTTCTCTT TATCGAAACA 
AAATTTCATC ACTTTCTGCT GGTGCAAATA TTAATAATAT TAAGCCGGCA 
AGCTTTGATT TGATAAATAT ACCAATCCCA CCACTTGCC 
Peptide 
MSAGKLJPEGW VIAPVSTVTT LIRGVTYKKE QAINYLKDDY LPLIPAI'INIQ 
NGKFDTTDLV FVPKNLVKES QKISPEDIVI ANSSGSKSVV GKSAHQHLPF 




ATGAGTAAAA ATTTGCCAAA TATGCCAGTT TACGGTGATG TTTTGACCCT 
CATCAATGGC AGAGCATATA AGAAAGAAGA AATGCTCACA GAAGGTGTTC 
CTATTCTCAG AATTCAAAAT TTGAATGGAG GGAATAAATG GTTTTATTCC 
AACTTAGAGC TACAGGAAGA TAAATATTGC TATAAAAATG ATCTCCTATA 
TCCTTGGTCA GCAACATTTG GTCCATATTG GTCGAAGTGG GATCATAAAC 
TAATTTATCA CTACCATATT TGGAAGATTG AAACATCCCT GCTCTTAATA 
AGCAATTTGC TTATTATGCT TATTATGCAT TATTGGAATA TTACAGAGGC 
ACTTAAAGCA TCGGCTCACG GCGTGGCAAG TCCACATATT ACCA1AGCTG 
GAATGGAGGC TTGGGAAATA CAACTTCCTC CAATTTCAGT 
Peptide 
MSKNLPNNPV YGDVLTLING RAYKKEEMLT EGVPILRIQN LNGGNKWFYS 
NLELQEDKYC YKNDLLYPWS ATFGPYWSKW DHKLIYHYHI WKIETSLLLI 
SNLLIMLIMH YWNITEALKA SAHGVASPHI TKAGMEAWEI QLPPIS 
ECOR7O 
The sequence of the PCR product derived from ECOR70 was done directly 
and the section sequenced is identical to EcoBI (see chapter 4, page 118). The 
original cloned PCR product contained numerous small deletions, this sequence is 
not shown 
DNA 
AAATACAATA AAAGGTTTTT CTATCACGCC TTACCAGGAT ATTTATCCGC 
175 
AATCAATGCA PATACGTCCT CGGTTACTGT AAAGCATCTT TCTTCCAGGA 
CACTTCAAGA TACCCTACTT CCGTTGCCAC C 
Peptide 
KYNKRFFYHA LPGYLSAINA NTSSVTVKHL SSRTLQDTLL PLP 
176 
